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16 Abstract 

The results of 46 clear air turbulence (CAT) probing missions conducted with an 
extensively instrumented B-57B aircraft are summarized from a meteorological view- 
point in a two-volume technical memorandum The missions were part of the NASA 
Langley Research Center's MAT (Measurement of Atmospheric Turbulence) program, which 
was conducted from the NASA Langley Research Center (on Langley AFB, VA) and the 
NASA Dryden Flight Research Center (on Edwards AFB, CA) between March 1974, and 
September 1975, at altitudes ranging up to 15 km 

Turbulence samples were obtained under diverse conditions including mountain 
waves, jet streams, upper level fronts and troughs, and low altitude mechanical 
and thermal turbulence. CAT was encountered on 20 flights comprising 77 data runs. 
In all, approximately 4335 km were flown in light turbulence, 1415 km in moderate 
turbulence, and 255 km in severe turbulence during the program. The first volume 
presents the flight planning, operations, and turbulence forecasting aspects of 
that portion of the MAT program conducted with the B-57B aircraft, as well as the 
overall results and recommendations for future turbulence sampling programs. In 
the second volume (Appendix C), 27 MAT flights of particular meteorological interest 
are each described by narrative summaries, supplemented in some cases by synoptic 
maps and rawinsonde sounding data. This has been done in a manner to facilitate 
correlation with the turbulence time histones and power spectra derived in the 
project. Some photographs of clouds are also included, in order to show some of 
the cloud patterns which may serve as visual warnings of turbulent conditions. 
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SUMMARY 


of 46 clear air turbulence (CAT) probing missions conducted 
with an extensivfely xnscrumented B-57B aircraft are summarized from a meteor- 
ological viewpoint in a two-volume technical memorandum. The missions were 
part of the NASA-Langley Research Center's MAT (Measurement of Atmospheric 
Turbulence) Program, which whs Conducted from the ^ASA Langley Research Center 

Ivn ca! r ’ ^ Research Center (On Edwards 

AFB CA) between March 1974, and September l97S, at altitudes tanging up to 

15 km. The particular emphaSis of this prograiA is to Oxtetid power spectral 
atmospheric fiurbulence to wavelengths 6f at least 9,100 m 
r A ?? several meteorological conditions and a. range of altitudes 

O' 0 15,240 m (0 50,000 ft.)w This is important for design of* large struc- 

needed for developing a better ittsight into the relation between turbulence 
and basic atmospheric phenomena which may cause it 

i • • ■ 

Turbulence samples were obtained un^er .divCrse conditions includiiiE 
mountain waves, jet streams, uppdr level fronts 'and troughs, and low altitude 

nrJt r turbul&nce. CAT Was encountered on 20 flights com- 

prifeing 77^ data runs. In all, approjtimately 4335 km were flown in light 
turbulence, 1415 km irf moderate turbulenbe, nnd ,255 km in severe turbulence 
during the ^program. A coAtract project research meteorologist, Mr. David E. 
aco of Vought CorpordtioA, filled a unique and key role in this program in 
at he assisted in formulating fhe general res<&arcB plan, forecasted the 
turbulence, participated as airborne meteorological observer during each of 
the missions, and conducted t'he post-flight meteorological analyses. The 
first volume presents the flight planning, operations, and turbulence fore- 
casting aspects of that portion of th,e MAT program conducted with the B-57B 
aircraft, as well as the overall results and recommendations for future tur- 
bulence sampling programs. In the second volume (Appendix C) , authored by 

mat flights of partidular meteorological interest are each des- 
cribed by narrative summaries, supplemented in some cases by synoptic maps 
and rawinsonde sounding data. This has been done in a manner to facilitate 
correlation with the turbulence time histories and power spectra derived in 
the project. Some photographs of clouds are also included, in order to show 

some of the cloud patterns which may serve as visual warnings of turbulent 
conditions. 



• INTRODUCTION 

The NASA Mfeasurement of Atmospheric Turbulence (l4AT) program was 
undertaken primarily to extend turbulence power spectra measurements to 
wavelengths of at least 9100 m (30,000 ft) under several types of 
meteorological conditions., and over a wide altitude range, employing the 

I 

same instrumentation system throughout the entire investigation. The 
program utilized & B«57B airchaft capable of operation to an altitude of 
15 km ( 50,000 ft); h6 turbulehce ^research flights were conducted from the 

NASA Langley Research Center (Lahgley AFB, VA) and the NASA Dryden Flight 

I 

_ Research Center (Edwards AFB, CA) between March 197^ and September 1975. 

The primary purpose of this two-volume 1:-eport is to document the 
operational aspect^s of the missions and describe each turbulence research 
flight in terms of the synoptic and mesoscale meteorological situations 
which accompanied it. The turbulence^ power spectra obtained will be 
presented in separate NASA publications (e.g. refw l)j the goal in the 
present report is to document the meteorological aspects in sufficient 
detail that turbulence researchers may be enabled to correlate the spectra 
with the associated meteorological conditions. 

For completeness, the first volume of the present report includes the 
background and rationale for the MAT program and a brief description of the 
turbulence-sampling instrumentation. The impact of the B-57B aircraft per- 
formance envelope and air traffic control constraints on conducting turbulence 
search missions is discussed in the section on Flight Operations. A section 
is devoted to a statistical summary of the sampling experience of the program 
from various aspects as, e.g. , the number of kilometers flown in turbulence of 
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differing intensities under different synoptic conditions. Recommendations 
for future turbulence sampling programs conclude the main body of the 
first volume. 

Appendix A in the first Volme describes the weather support and 
analysis procedures which were utilized and the role of the project's 
airborne meteorologist-observer. An evaluation of the turbulence forecasting 
and sampling results concludes this appendix. Appendix B summarizes 
the project's experience in mountain wave encounters. 

a 

The second volume (Appendix C) documents, by narrative summaries, 
synoptic maps, rawmsonde plots, and photographs of cloud conditions related 
to the turbulence, the synoptic and mesoscale meteorological conditions 
associated with eacn MAT mission where turbulence was forecast to occur. 
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SYMBOLS AND ABBREVIATIONS 


AFB 

Air Force Base 

AIRMET 

Airmen's Meteorological Advisory 

AOA 

Angle of Attack 

ARTCC 

Air Routd Traffic Control Center 

AWS 

Air Weather Service (USAF) 

CAT 

Clear Air Turbulence 

DFRC 

Dryden Flight Research Center (NASA) 

DME 

Distance Measuring Equipment 

FAA 

Federal Aviation Administration 

FAX 

Facsimile 

g 

Acceletation due to gravity, meters second"^ 

GMT 

Greenwich Mean Time 

gpdam 

Geopotential ddkameter (see ref 11^ nm'<- u i. ^ 

« ^ of height for pressure 

surfaces on charts in Appendix C. 

GWC 

Global Weather Central (U. S. Air Force) 

H 

Pressure altitude, kilometers 

IAS 

Indicated Air Speed, knots or kilometers hour'^ 

INS 

Inertial Navigation System 

L 

Integral scale value for turbulence, meters. 

LaRC 

Langley Research Center (NASA) 

MAT 

Measurement of Atmospheric Turbulence 

NMC 

National Meteorological Center (National Weather Service) 

NWAL 

Northwest Air Lines 

NWS 

National Weather Service 

PIREP 

Pilot Report 

RAOB 

Rawinsonde Observation 

Ri 

Richardson number - a nondimens ional number utilized in the 
study of shearing flows (see, e.g., ref. 11). 
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SIGMET 


SMG 

T 

TACM 

TAS 

TP 

U 

g 

UHF 

USAF 

VFR 

V 

g- 

VHF 

V 

N-S 

VOR 

\-E 

W 

g 

W 

g 

a 

6 

6 

AV 

e 

X 


Sigiiificant;, meteorological advisory 
Spaceflight Meteorology Grdup (WWS) 

Atmospheric temperature, degrees Celsius 

Tactical air navigation system 

TrUe Air Speed, knots or kilometers hr~^ 

Turbulences Plot advisory (Northwest Airlines) 

Longitudinal component of, gust velocity, meters second"^ 

» , » • 

Ultra High Frequency 
United States Air Force * 

Visual Flight Rules 

' s ' 

Lateral component of gus-g velocity, meters second"^ 

Very High Frequency 

North-south wind component, meters second"! (positive wind from north) 

VHF omnirange s • 

% 

West-east Wind componeht, meters second"! (positive wind from west) 
Vertical component of gust velocity, meters second"! 

Mean vertical component of gust velocity, (ave’raged over 12 seconds), 
meters second"*^ 

Angle of attack, degrees 
Angle of sideslip, degrees 

Direction from which wind blows, degrees clockwise from north 
Incremental change in the longitudinal component of airspeed, 
meters second"! 

Potential temperature (see, e.g., ref. ll), kelvins 
Wavelength, meters 


Root mean square value of turbulence, meters second"! 

Power Spectral density, (meter^second"^) per (cycle meter"!) 
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BACKGROUND 


A model of the gpecttal properties of atmospheric turbulence is impor- 
tant for design of certain types of aircraft. Measurement techniques 
and data analysis pr6cedures have been developed by several investigators 
(e.g,, ref. 2) dnd flight pfograms have been cbnducted to investigate the 
appropriate spectral description for turbulence encountered in the surface 

' J 

layer of the atmosphere (re'f. 3), in storm- clouds (ref. h), m jet stream 
wind shear (ref. 5) and at , higher altitudes (ref. 6). In general, the 

I 

results of most of thes’e sampling programs have indicated that the -5/3 
slope of the von Kabman pdwer spedtrum (see figure 1 (from ref. T)) *is 
valid abov6 wave numbers bn ihe ®rder of 0.01 rad/m (5 x 10“^ cycleS/ft) 
or below wavelengths of approximately 600 m (2000 ft). Although there 
IS general agreement that the spectral description over these higher 
frequencies (smaller wavelengths) appefers valid, the spectral 
characteristics obtained at the lower frequencies (longer wavelengths) 
have exhibited notable disparities among the results from different 
atmospheric conditions and measurement programs. An example of depart\u-es 
from the von Karman spectrum, obtained in a mountain wave sampling mission 
on this project, is presented as Figure 2 from ref. 1. The departures 
may be associated with the atmospheric processes (e.g., wind shear) 
controlling the generation of the turbulence. 

The amount of turbulence or gust energy at the longer wavelengths 
is of particular importance in the response and design of large, high 
speed aircraft, such as supersonic transports. Because spectral 
characteristics of measured turbulence may be influenced by the type 
of aircraft, the instrimientation used in the measurements, and the 
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THEORETICAL TRANSVERSE POWER SPECTRA ; 



Figure I.- Von Karman power spectra (transverse components ^ for vai-ious 

# 

values of the integral sca!le value L. (Sef, 7). 


POWER SPECTRAL DENSITY 

(m/sec)^ MOUWTAIN-WAVE CASE 


cycles/m 



1/A, cycles/m 


Figure 2.- An exaicple of departures from von Karman power spectra, which 


may be associated with the atmospheric processes controlling 


the turbulence (ref, l). 
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data reduction and analysis procedures employed, it is not surprising 
that the spectra resulting from different investigations have not always 
been comparable. Therefore the MAT program was initiated with the goal 
of determining whether the von Karman power spectrum is indeed an adequate 
design model for the longer wavelength turbulence components encountered 
in a variety of meteorological Situations and, if so, defining the 
appropriate scale lengths (i.e<, L values in the equation shown on figure l) 
to be employed in the design of future aircraft. To allow valid comparisons 
of the data from the various meteorological situations, the same 
instrumentation and data analysis procedures were employed for all MAT 
missions. Emphasis was placed on searching for turbulence patches 
of sufficient length (approximately 10 minutes duration) to allow for the 
determination, with good statistical reliability, of long wavelength 
components pertaining to various meteorological conditions. It was decided 
to sample turbulence associated with wind shear regions, jet streams, low 
altitude orographic layers, convective activity, and mountain wave 
phenomena. Therefore, flights were made from about 300 m (lOOO ft) above 
sea level up to the 15 km (50,000 ft) ceiling of the sampling aircraft. 
Aircraft turbulence instrumentation consisted of sensitive airflow 
direction vanes, an incremental pitot pressure transducer, an inertial 
platform and a temperature probe (refs. T and 8). In addition to providing 
data for studying gust velocity time histories, these measurements were 
used in deriving temperature and wind time histories and profiles. 
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INSTRUMENTATION AND DATA ANALYSIS 


The requirements for the measurement and recording system and for the 
data processing to achieve the goal of providing accurate measurements 

e 

at long turbulence wavelengths are discussed in ref. 7. The instrumentation 
system used is described in ref. 8. An assessment of the measurement system, 
together with the equations utilised for obtaining gust velocity components, 

IS described in ref. 9. 

The three primary measur^ents used in deriving the turbulence 
structure were the angle of attack (a), the sideslip angle (3), and the 
incremental change in the longitudinal component of airspeed (AV). A Rosemount 
temperature probe provided measurements of atmospheric temperature. Aircraft 
motion corrections were applied to the primary measurements to derive the 
gust velocity components. Meteorological and turbulence data derived from 
a sampling of particular interest (flight 32) are presented in ref. 10. To 
provide a more complete under stan*ding of the samples of derived data 

t 

presented in the present report, some details extracted from refs. 8, 9s 
and 10 are presented in this section. 

The measurements of the aircraft and air motions were used to provide 
data at meso-meteorological or turbulent scales of the atmospheric flow. 

The wind velocity was obtained by computing the difference between the 
measurements of inertial speed (relative to earth- fixed axes) and the 
airspeed (motion relative to the air mass). Turbulence velocity was 
similarly determined, but using a more detailed representation of the 
aircraft motion. The measured data were recorded at a rate of 200 points 
per second, using a piolse code modulation system. In the analysis, time 
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histones were used from samplings at a rate of 20 per second. Filtering 
was in general avoided; however, frequencies above the Nyquist value (lO Hz) 
were attenuated to prevent aliasing effects (see ref. 8). (Electrical filtering 
could cause phase changes in individual measurements, causing significant 
errors in deduced gust velocities . ) 

Examples of Data 

An example of gust velocity and meteorological data obtained on the 
mu project IS presented as figure 3. The time histones shown here were 
taken from two runs of i“light 32 (analyzed in ref. 10) during which 
moderate turbulence was encountered over Death Valley, CA. The parameters 
presented on tne figure from top to bottom are: 

Uq, the longitudinal component of the gust velocity, in meters second"^ 

Vq, the lateral component of the gust velocity, in meters second"^ 

Wj,, the vertical component of the gust velocity, in meters second”^ 

W^, the mean vertical component of the gust velocity (obtained from a 
moving average over 12 seconds ) , in meters second”^ 

^W-E’ west-east wind component, in meters second”^ 

\-S’ north-south wind component, in meters second ^ 

Vj the wind speed, in meters second"^. 

6, direction from which the wind is blowing, in degrees clockwise from north 
T, the ambient atmospheric temperat\ore , in degrees Celsius 
0, potential temperature, in kelvins (e.g., ref. 11) 

H, the pressure altitude, in kilometers 

Note that all quantities are plotted with ground distance in km as 
the abscissa. Plots similar to this were prepared for significant flights, 
and analyzed in terms of the variability of the turbulence and meteorological 
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DISTANCE (km) 


Figtire 3.- Example of turbiilence and meteorological data obtained in the 

MAT program. Example is for flight 32, rim k (March 26, 1975, Death 
Valley, CA, area). Time histones of longitudinal (U„), lateral {V„) 
and vertical (W^) and mean vertical (Wg) turbulence velocities, vest-’ 
east CVi[;_£) and north-south (Vjj_ 0 ) vind components, wind speed (v) and 
direction ( 6 ), temperature (t), potential temperature ( 6 ), and pressure 
altitude (H) for runs I 4 and 5 are shown. The portion of Death Valley 
below 1 km is indicated at the bottom. 
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parameters. For example, it may be noted on the figure that the wind direction 
changed from 340 to 280, and back to 305 degrees during the course of run 4, 
over a distance of some 155 km, indicating the existence of atmospheric struc- 
ture at meso- meteorological scales. The record of W shows continuous 

Cj 

light to moderate turbulence (for definition of intensity, see RESULTS AND DIS- 
CUSSION section), with peaks between ^5 and ^8 msec"\ It should be noted that, 
although filtering was not applied a priori to the MAT time histories, those 
presented here in figure 3 have undergone "filtering" in the form of a sliding 
arithmetic average to provide increased clarity in presentation. Table 1 pre- 
sents the time averaging periods applied for this particular case, together with 
the estimated accuracies which apply to all MAT missions. The 12-second averaging 
applied to derive mean vertical turbulence velocity was arbitrary, but chosen to 
enhance viewing the record for significant lower frequency components. The 12- 
second averaging for wind compohents was used to remove contamination stemming 
from the aircraft’s characteristic 6-second period yaw and sideslip oscillation, 
excited by the turbulence. (Th^ simplified equations for obtaining steady winds 
assume that the true airspeed vector is alined with the airplane heading, and do 
not account for an oscillating sideslip angle.) The 0.5 second averaging period 
was applied to the temperature lannly to improve the appearance of these particular 
plots, for which the distance (time) scale was quite compressed. The amplitude 
of the fluctuations was not affected noticeably. Averaging was not employed for 
later plots of temperature, which are presented on a more expanded time scale. 

(See, for example, figure C-17 in Appendix C. ) Some relatively high-frequency 
noise is present on the sensitive static pressure time history used to obtain 
incremental altitude. This noise results from cross flow over the static ports 
located in the forward end of the nose boom, and increases with turbulence 
severity. Twelve-second averaging was therefore applied to the altitude trace 
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to remove these pressixre noise-related effects, since they were not indicative 
of actual altitude changes . 

TABLE I.- ESTIMATED ACCURACIES AND TIME AVERAGING PERIODS, 

OF TURBULENCE AND METEOROLOGICAL DATA 


1 


1 % 

Quantity 

Estimated 

Accuracy 

Time Averaging 
Period 
(Figure 3) 

Turbulence Velocity Components 

^ 0.3 m/s 

None 

Mean Vertical Turbulence Velocity 

- 0.3 m/s 

12.0 sec. 

Wind Components 

- 2.0 m/s 

12.0 sec. 

Wind Speed 

k 

12.0 sec. 

Wind Direction 

k 

12.0 sec. 

Temperature Increments 

- 0.3°C 

0.5 sec. 

Potential Temperature 

- 0.5°C 

0.5 sec. 

Altitude Increments 

^20.0 m 

12.0 sec. 


"k 

Accuracy depends on wind component values. 


In reference 9 assessment of 'the quantities comprising the vertical tur— 
hulence measurement concluded that it is essentially accurate to zero frequency, 
hut that maximum linear trend errors of 1.5 to 1.8 msec”^ over 10 minutes’ time 
*^o^ld be present in the time histories of the horizontal components. However, 
these errors would affect only the longest wavelength turbulence components, 
and are significant as a "noise" source onljr in cases of low turbulence intensity. 
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FLIGHT OPERATIOiJS 


Airplane Capabilities and Limitations 
A B-57B "Canberra" (NASA aircraft 516 ) was chosen for this project 

1 

primarily became of its ruggedness and capability to cruise at altitudes 

extendihg to 1$ km (50', 000 ft) within an Acceptable operatiohal range 

tadius. The B-5TB Was designed as a light bomber capable of withstanding 

a load factor of 5 g,at Ult knotA life (823 ^ hh"^) and 3 . 7 -g at 513 knots 

IAS ($50 km hr ). This strength provided a large load factor safety margin 

f®r recovery from upsets ,in 'severe turbulence. Thfe cockpit provided for two 

crew members, which satisfied the prfograto requirement to carry a meteorologist- 

■ 

observer on-board for all flightfs. The observer's role is described later in 

t 

Appendix A. Because the Allegheny Mountains, a prime area for obtaining 

I 

I 

turbulence in flights out of Langley AFB, VA, are only I60 km away, it was felt 

that the cruising range without tip tank fuel woiild be only slightly restrictive 
for operations in the eastern U.S. Experience gained during the program, 1 
however, showed that increased range or endurance would indeed have improved 
the capability to search and find areas of turbulence. The tip tanks would 
have allowed an extra 1887 kg of fuel, which would have provided an additional 
hour of endurance or about 69 O km increase in one-way range, at sea level. 

Since the tip tank system on this aircraft had previously been deactivated 
as part of a previous research program, it was concluded that the major 
rework necessary to regain its use was not warranted. Figure 4 shows endurance 
and one-way range (until fuel is exhausted); this information is based on 
flying at 300 knots indicated airspeed (556 km hr“^). Basically the 
airplane is capable of approximately 3 hours' duration or I 50 O km 
at sea level and 2700 km at an altitude of 12 km (40,000 ft). For the 
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Altitude - Kilometers 



Endurance - Hours 


Figure 4.- B-57B endurance and range performance. 


altitudes generally probed, 1^he effective sampling radius was about 500 km, 
allowing sufficient fuel in the aircraft to cruise out to the area of interest 
and probe for about one hour, then cruise back to the base of operation and 
have enough reserve fuel fof operational safety. 

Figures 5(a) and (b) show, respectively, the geographic areas covered 
in MT B-57B operations over the eastern and western U.S. The boundaries of 
the Air Route Traffic Control Center (ARTCC) regions are also shown by the 
dashed lines. Radii of circles concentric with the bases of operation 
(Langley AFB, VA, and Edwards AFB, CA) are labeled in kilometers. The principal 
areas of flights for mountain wave turbulence penetrations were to the northwest 
of Marion, Roanoke, and Charlottesville, VA, to Charleston, WV, for flights 
out of Langley AFB and to the east and southeast of the Sierra and Tehachapi 
mountain ranges for flights from Edwards AFB. 

Flight Procedures - Airplane and Experiment 
Because of the ii^terest fn turbulence sampling penetrations, unusual 
flight planning and operating problems were encountered in addition to the 
restrictions imposed by aircraft capabilities. The biggest consideration 
was the need for non-conformity to ARTCC procedures. It was recognized 
that coordination with and approval by ARTCCs of the NASA flight plan, and 
changes thereto while in flight, were mandatory. Therefore, early in the 
planning stage, discussions were held with the FAA to determine acceptable 
procedures and, since the first flights were conducted in the eastern U S. , 
an agreement was worked out with the Washington, DC, ARTCC for special 
attention and support to achieve desired flight patterns, changes in flight 
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(a) Eastern U.S. 




(b) Western UoS, 



directions and altitudes, and transfer to the adjacent ARTCC Centers where 
appropriate. Standard instrument flight plans were requested, annotated 
with "remarks" pertaining to the MAT flight requirements, about 30 minutes 
prior to estimated takeoff time. The NASA pilot would then place a call to 
the Watch Supervisor at the Washington AETCC and explain the details of the 
particular flight. The supexvi’sor in turn would brief the controller on 

duty; as a rdsult, operatiohs ptoceeded in a relatively routine manner. 

* ^ 

As the airplane proceeded from' one sector to another within the 
Washington Co*ntrol Centef area af radio communication frequency shift was 
required, and sometimes a transponder code change Was also necessary, but 
these changes did not cause serious problems. Coordination between Centers 
was generally carried out with no difficulties. These communications were 
handled on UHF radio; VHF radio was used to keep the project engineers 
informed on the progress of the flight. While the aircraft was enroute 
to the designated turbulence search area, minor changes in altitude and/or 
aircraft heading were sometimes necessary to provide separation from other 
aircraft. However, during the data - taking runs, where precise, constant 
headings and altitudes were required, the Center controllers in most cases 
were able to direct other aircraft to alter their headings or altitudes 
so that sampling runs could be completed without undue disruption of 
traffic. Position information was monitored and logged by using the onboard 
TACAI^ and V0R/DI4E equipment to establish instantaneous aircraft position and, 
over a period of time, the ground track. The observer would log the position 
data with magnetic heading, pressure altitude, indicated temperature and 
airspeed, and the time of day. This type of information was used in many 
cases to estimate winds to within 10 degrees and 2 m sec”^ (5 knots) and 
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also to help identify upper air fronts, jet streams, and mountain wave 
structures. The latter computations were generally made after the flight. 


Cockpit Controls and Displays 

To reduce the pilot's workload, and assist him in conducting search 
patterns, modern avionics and pilot panel displays were installed. These im- 
provements permitted flights in most weather conditions, provided for reason- 
able accuracy in navigation, and facilitated maintaining a more precise heading 
and trim condition during data taking runs. Note that in order to have high 
resolution for the various measurements required in determining gust velocitv 
available recording ranges need to be as small as practical. The final com- ’ 
promise ranges selected for all of the measurements are given in ref. 8. 
Generally , the airplane motion ranges were such that alert piloting techniques 
and use of the displays was required to keep the quantities from drifting 
away from center of the available range, and consequently going off-scale in 
the rougher turbulence.^ Variations in piloting technique did not affect the 
inal turbulence time histories, since airplane motion effects are removed in 
the- data reduction. In a few instances, however, an off-scale condition of a 
motion measurement resulted in momentary loss of one or more turbulence com- 
ponents, i.e. vertical, lateral, or longitudinal. (An off-scale condition for 
a motion measurement can cause very large errors in the computed turbulence 
com^nent. For that reason the data reduction was sueh that the appropriate 
turbulence component was discarded during the interval of any off-scale 
condition. ) 

Figures 6(a), (b), and (c) show the general layouts of the pilot and 
observer instrument panels, with the turbulence instrumentation controls and 
displays identified. Figure 6(a) is a photograph of the pilot's instrument 
panel. The controls for the turbulence recording instrumentation are located 
on a control panel at the top right of the figure. (This panel was mounted on 
the instrument panel's glare shield.) Figure 6(b) is an enlargement of the 
panel. From left to right on the figure is a "failure warning" light located 
directly above a record light, to denote failure of the inertial platform. 

Next is a tape quantity" meter. Then follows a readout of the instrumentation 
oime code generator to enable correlation of pilot-observed events with the 
recorded measurements. This was usually done on the 
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Figure 6«- MAT B-57B Cockpit Instrumentation 







(b) Turbulence Iiistrumentation Ccntrol Panel 







voice tract of the data tape. An Instnnnentation power on/off switch and a 
record on/off switch are located to the right of the readout. 

To assist the pilot in evaluating the intensity of the turbulence level, 
a "turbulence intensity" meter (mS meter) was developed and placed on both the 


Pilofs and observer’s instrument panels, as shown on figures 6(a) and (c). respec 
lively. This meter displays the root-mean square value of the output of a normal 
auls ti,g accelerometer located near the airplane's eg., ■ib.e rms output is 
averaged over a pilot-selectable period of from 2 to 20 seconds, and has a 


range of 0 to Ig (rms average). 


A pilot's "alpha-beta" display (fig. 7) was developed (ref. 8) and 
-mounted on the panel just belov the turbulence intensity meter. This 
combined display portrays the position of the nose boom angle-of-attack (AOA) 
and sideslip vanes, and the pitch 'attitude angle (derived from the inertial 
system). To facilitate keeping the heading near the center of the data 
scale, a very sensitive incremental heading display vas also developed and 
mounted in the glare shield at top center. The display, driven by a signal 
from the .nertxal platform, has a .7.5° limit of heading change. A ' 
monitor for the temperature probe output is mounted atop the observer's 
panel glare shield. This was provided to enable the observer to record 
the temperature changes associated with turbulence phenomena, and was 
especially valuable in mountain wave samplings. 


Piloting Techniques 

-Ibe piloting technique, developed to keep the data within acceptable 
limits by using the displays described in the previous section, was as 
follows: First, one or more minutes of straight and level flight were 

maintained to establish the proper engine power settings for a true 
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recording 


airspeed of approximately 695 km hr'^ (375 knots); then, the data 
systems were turned on. Particular attention was then given to the incremental 
heading, airspeed, and altitude indicators. Adjustments to the throttles were 
acceptable to maintain indicated airspeed within the scale limits, which 
varied from +12 kt (6m sec at sea level to +33 kt (iTm sec“^) at 15 km 
(50,000 ft). The observer assisted the pilot by monitoring altitude and 
speed and would remind the pilot of any appreciable changes from the 
values existing at the start of the rim. Maintaining motions within the 
accepted limits became more difficult, especially in severe turbulence, 
while talking to ATC or changing radio or transponder frequencies. At these 
times, the observer's assistance was particularly valuable. 


Turbulence Sampling Patterns 

Three types of sampling patterns were proposed in the early stages of 
the program. Patterns were derived for penetrating mountain wave phenomena, 
high velocity wind regions (i.e. jet streams) and isolated turbulence 
patches, as shown in figures 8, 9, and 10 respectively. On these figures, 
turbulence data-gathering runs are denoted by the heavy straight line 
segments lying between the solid dots. The primary consideration in 
deriving the pattern lengths was that each data rim be long enough to provide 
statistically reliable data for power spectral estimates on wavelengths 
of 9000m or greater. As indicated in reference 7, continuous turbulence 
samples of about 10 minutes' duration at 375 knots TAS' (395 km hr"^) were 
desired. Therefore, data runs approximately 111 km in length are found in 
each of the search patterns. The various relative orientations 

of flight paths within each pattern were chosen to enable an assessment of the 
sizes of the turbulent areas, and to provide information on possible differences 
in the turbulence attributable to mean wind or wave orientation. The "start" 
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Figure 10,- Sampling pattern for investigating isolated turbulence patches 


headings were often oriented into the air mass or local wind so that two rms 
would have a minimum of drift angle and the cross legs would have maximum drift. 
Therefore, the figure for the isolated turbulence patch investigation pattern 
(fig. 10) is the only one with arbitrary track directions (030, 150, 210 and 
330 degrees in the example on the figure for the four turbulence investigation 
legs), chosen for convenience in a given sampling. For the other two patterns, 
the track directions were chosen to fit the alignment of the meteorological or 
terrain features. For example, in the case of the jet stream (fig. 9), the 
first turbulence sampling run parallels the jet stream in a downwind direction, 
the second run parallels it heading upwind, and the final run is made perpen- 
dicular to the jet flow. The wave pattern (fig. 8) has its first run parallel 
to the mountain ridge. The wave is then sampled, heading upwind, at an angle 
of approximately k5 degrees to the ridge. The final run is made heading down- 
wind, perpendicular to the ridge. All these patterns were idealized, and good 
for guidance, but seldom exactly followed in practice due to numerous constraints 
which will be elaborated on in the results section of the report. The no-wind 
time to fly the patterns varied, according to the pattern type, from hO 
to 60 minutes. Other types of data runs not involving the above patterns were 
often flown. These were generally straight-line runs, as, for example, those passing 
along thunderstorms in clear air, or through their tops. 

Meteorological Support and Analysis 

The approach adopted in this program was to conduct turbulence sampling 
missions only when conditions were highly favorable for encountering turbulence. 

Such conditions were both identified from the pilot reports and forecasted 
on the basis of specific meteorological patterns apparent on weather analyses and 
prognoses. (This turbulence sampling approach is in contrast to that of many other 
programs (e.g. ref. 3) which accumulated flight miles in order to determine 
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the percent of time spent in txirbulence of a given intensity). A unique 
feature of the sampling operations was the requirement that a 
meteorologist participate not only in the traditional forecasting activities 
of meteorologists in weather stations hut also act as an airborne observer 
on all turbulence sampling missions. 

An attempt was made to utilize, as much as possible, the outputs of 
other agencies and organizations, involved with CAT — forecasting and 
reporting, in the conduct of the MAT B-57B sampling operations. Advice was 
solicited from other government agencies and commercial airlines on forecast 
procedures and acquisition of real time reports of turbulence encounters. 

-The U.S. Air Force (USAF), the National Weather Service (NWS), the Federal 
Aviation Administration (FAA), and Northwest Air Lines (NWAL) all 
participated in the program. 

It is the authors' opinion that this approach (i.e. utilization of a 
flying observer, plus obtaining the active cooperation of all agencies) 
enhanced the accomplishment of a series of successful turbulence encounters, 
resulting in significant acquisition of turbulence data. In the belief that 
this planning experience may be useful in the planning of possible future 
turbulence investigation programs, further details on the turbulence 
forecasting experience is presented in Appendix A. The role of the project 
meteorologist /airborne observer, the merging of the forecast products of 
the various agencies into the MAT forecast, the maps and analyses used, 
and the forecasting procedure employed are all included. 


31 



RESULTS MD DISCUSSION 


A detailed description of each of the turbulence-significant flights 
ie provided in the second voluine (Appendlit C). Each of these descriptions comprises 
(a) a narrative flight sugary, vith emphasis on the turbulence obtained along 
with a flight track, (b) a meteorological summary, supported by synoptic analyses, 
winsonde plots, etc., and (c) a discussion which includes the most likely 
explanation for the turbulence encountered (or for its absence). 

The turbulence encounter experience will be summarized in this section of 
the report. Five tables are presented which summarize the experience 
from several aspects. The first of these. Table II, gives a complete 
chronology of the 18 missions in the MAT B-57B program. (Two missions, numbers 
It and 5, were not flights, but ground taxi runs for checking the instrumen- 
tation; thus 16 flights were made during the program). The table lists 
flight number, date, Greenwich Mean Time, the geographic area searched, 
the altitude range searched, the type of mission (either instrument 

calibration or meteorological condition related to. turbulence) , a subjective assessment 
Of the maximum turbulence intensity encountered, and the assessed likelihood 
(preflight) of encountering turbulence. The table is divided into three 
parts, reflecting the three phases of the program, which were: 

1. Phase 1: 25 Flights conducted from the HASA Langley Research 

Center (on Langley AFB, VA) over the Eastern US from March 

197^ to February 19? 5 

2. Phase 2: l6 Flights conducted from the NASA Dryden Flight Research 

Center (Edwards AFB, CA) over the southwestern US during 
February - June 1975. 
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TABLE II,- A COMPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B-57B AIRCRAFT 


(a) PHASE 1 (EASTERN U.S., 3/18/74 TO 1/30/75) 


(jO 

U) 


hO 

DATE 

TIKE {cyr) 

C A'-LF AREA (DiST lH ka) 

C' H 

AL'' 1 "”i:e 
(* n 

rJ^J'LGE 

TIP “IZiZR 
&CO 5TERLD 

fOHFCA^T 
UKRUBOOD OP 
TURBO LEN at 

1 

\/J m 

lT^i>-193'' 

AH) Lrcal Area 

4 5,4 P 

Zna — jr^ctat-lon C^eckojt 

Hone 

P 

2 

U/ir / 7 L 

1 S nV 1 7f J 

^ cf f rfolk, VA 

4 h 

latrTrr 11 tin CTretC/.^ 

P jre 

F 

3 

4/10/74 

1555-^705 

''i, of W«XiOF« re, VA 

to 

Irstrurejta loa Checiout (averted) 

VL above 11 6 ka 

P 

U 

N/A 

a/A 

N/A 

1 

G-''x c "axl of Inntr- B^rta ■‘so 

I/A 

B/A 

5 

M/A 

K/A 

N/A 

S/A 

Crjucd Taxi c' lefltr'js^eia 

I/A 

I/A 

6 

5/10/74 

1^*^5-1750 

SL ef Wallo^i FC. \A 

1 *--3 7 

lc9tr--re ta * 9 ^ C6e'’kojt 

loce 

P 

7 

6 / 5/74 

17*4-1^31 

Vft.irrs r:. va 

4 L 

Cw' er Ca^ltra 

Bone 

P 

8 

6/19/74 

1609-1932 

Frarxlln, VA - Poxboro PC 

0 5 

"^c’Tcal “\LrbLdrac» 

ContlDuoua L 

P 

9 

6/20/74 

l£37-20C2 

Frn_J:*li., \A - Wllltls^ on, PC 

0 5 : 

-jOV A- l*uie ’~Frj-9ia_ "VrtuZcaee 

Cootlououa L 

P 

10 

10/11/74 

1517-1703 

t ef Cai>« Cearlea, VA 

4 9 

Inert'au. llatfcm Check 

lone 

P 

11 

10/22/74 

1537-*721 

Gordcci rl lie, VA 

10 4 

cr’ is_ t - - '■ -t: cv ecK 
r *. rd Ti-‘'C t ^T-n ?'*a -r 

lone 

P 

12 

10/25/74 

1536-1745 

Roa.ooke , VA 

t 7 

-i ^ . lYoc ce Pa .erna 

VL 

P-P 

13 

11/ 5/74 

it46-noo 

90 radlut Stajintoo, VA 

9 4 

icst Cj^nioat ^et Z reaa Tarbe 

lone 

P-P 

14 

11/ 7/74 

l'«9-,£l7 

iCO radlaa Hicr^-Ll, VA 


I at Oe-aoi»t, Jet Stream Wtad Cbear 

Brief VL 

VO 

15 

11/ 6/74 i 

1643-1927 

190 E ard C.r to 220 SW of SorfolA, VA ! 

■ - 1 

8-11 

Prou^ Wind Ejear 

Patchy L 

P 

16 

11/12/74 i 

1730-x92u 

2C0 rtdloa Oordooavllle, VA 

34-49 

-Loertial Platf'^ri C eck 

M (la elouda) 

P 

17 

11/21/74 1 

1553-1707 

0-33J E Norfolk, VA 

7 5-9 5 

Jet Ctrean au:d TYougb Wind Shear 

Iona 

P 

16 

11/21/74 1 

193O-r040 

93 K ^T~Mur«-RIchacad, VA 

9 0 

Hc^xtaln-Wave Turbo, Lov-rlg^ A'ta 

Cocticuo-a L-M (in cirrua) 

0 

15 

U/26/74 j 

1630-1637 

3>-330 F, 109 LCE Laa«.ley A/3, VA 

1-9 

Jet S.rcan and TTov^ch Wind Shear 

Brief L-M in Patches 

G 

20 

12/ 3/74 

164(.-16'’9 

0-12S -■'J, ''00 N aid 110 L/ncM -.rg, \A 

1-5.5 

Mountain eave 

S 

EX 1-2 ka, 0 > 2 ka 

21 

12/ 9/74 

1621-1739 

Lajigley AFB, - W» to O^rd-nirKle, VA 

Ck -12 ♦ 

InatrJsentatlOD Cfceekout 

Brief L 

0 

22 

12/10/74 1 

1623-1756 

Lar,^ley AFB - Wallops FC. VA 

i/A 

loatrnrrntatlOQ Checkout 

Bona 

P 

23 

12/11/74 j 

1623-1756 

50 radiuj Clarlottearll^a, VA 

12 5 

Inat CLecaoj* , Jet Streaa 

Bone 

P 

24 

12/17/74 1 

16^-1804 

60 radlua Hc*isond, VA 

6 1 

• ertlcal and Horlxoctal Wind Shear 

Patchy L 

0 

25 

12/31/74 1 

1654-1840 

140 C£ to 90 PV Rocky Mount. PC 

1 9 6-12 5 

Vertlca,, Wind SLcar near Jet Streaa 

PatchP VL 

P 

26 

1/14/75 

1712-1946 

0-90 £• 80 S, and 9-10 GW fUchMod. VA 

9-10 

Jet Stream and Trough Wind Sbaar 


TO 

27 

1/30/75 

1546-1807 

65 CSV Laoglay APB - 55 11 Iw Tork City. W 

4 5-H 5 

Jet atream and Vertical Wind Saear 

L-M 

P-0 


Turl>ulMc« 


FortcMt T1t>11lin»4 


L - Light 
M . Kodcrat* 

8 • Savcra 
£ - Sxtnmm 

YL - v*nr Xlgtat 


P - Poor 
f - Pair 
0 - Good 
VO • Vary Good 
IX -> SaeoXlMt 
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TABLE II,-AC(KPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B-57B AIRCRAFT (CONTINUED) 


(b) PHASE ^(SOUTHWESTERN U.S., 2/14/75 TO 6/17/75) 


10 

EAT£ 

'"IMT (or) 

BUCiZS AREA (Dl'T IB ka) 

( ka ) 

PCRPCCB 

lAX 

TUTiiJLIRtCE 

I?lCCl'^"ERED 

r0”ECAET 
LirELInOOD OP 
TUKn-LESCE 

28 

2/111/75 

2122-233- 

Oveoi V«a^- 7 . C-50 W, 1, L Filx- *Je, CA 

1-3 t)-.2 5 

Mc-n adn Wave and Orof— aptii. 

S 

EX 1-3 tan, P-P 6-12 5- ka 


■ 2/20/75 

190<3-213o 

£ Slerr*, 0-7*' w 9:i ''’i-. 1^0 E CA 

1 2 0--2 

Sn_r -a 2 U«r» and Dref-a-?: 

& 

EX 1-3 kc, P-P 6-12 ka 

30 

3/ 7/75 

211^-001.7 

Ov^Di 90 railuj uwarla AT5 

-^-5 

a D Bare and \e-tlca-.. Snear 

Patchy L 

P (Mta Ware), G (Shear) 

31 

3/25/75 

l8it-2U8 

E-cer. ral CA to eertria-aouthcrn 5V 

b 5-13 5 

Hcua’aln tave 

Patchy VL 

P-P 

32 

3/2C/75 

lynO-cZl? 

Lcce P ne CA to Vr^aa, H 

12-1 3 5 

■~r=a^T a-ni C -ar, Verticd- Hiear above Jet 

H 

C-VG 

33 

3/26/75 

1817-20^2 

0-160 r E, and En Edvard* ATB 

2-l<* 

c, ^ ar- rc-t“ "Itc <*ar 

M 

C 

3** 

k/ W75 

16 " '^21j0 

CceJda c, IT/ - Frea^j, CA - 3C0 Ft CA 

I-! 5, 

f i ’ 

Mnun-altJ ware 

E 

EX b-U 5 fcn, C 6-13 ka 

35 

k/ 5/75 

1753-l>-6 

Ftlvardi ATo - Ccai_ale - ®cro, Vi 

-w T-ij 7 

Hz' Lin tin wave 

Patchy VL 

P 

36 , 

WiW75 

19C7-2-H1 

Lone F nr - Artelo^’C Va^ry - Mc**Tr ijreert 

5- 

in ain Wave, \ertlcal Win. C'- ear 

None 

P-G 

37 

k/17/75 

Ulv-1301 

Idvar-i ATB - le ter, CA - Boeder City, iV 

5 5 

Trc Lyv- Wind C rax 

Hone 

G 

38 

ii/i'»/75 

2210-00"! 

Ovc''! Va^^ry, tOO radio* Coaldale, W 

6-. 3 5 

Hi.^tadii Wave 

Patchy L 

P-C 

39 

5/2t/75 

x6l3-2C26 

G-1-0 t- - '"‘eb&-#p Mta • 

>-! 5 

Mcontaio Wav* 

E 

VO 

ItO 

5/20/75 

23‘. 9-0153 

Ejvard* iS j - hector - Ontario - Bakerafleld, CA 

' 9 5-13 

1 — ~ 

H^.r a^n Ware and Vertical lod Cbear 

Patchy L 

P-G 

ill 

5/21/75 

2150-003! 

Ovena talle/, N to HE ndvard* AJb 

7-13 

XroL^tb wind Cbear 

M 

0 

^2 

6/13/75 

18U-2017 

ClarX Peax Paege - 70 EV Lae Vtfae, ITV - 
55-90 E aikl ES Cdvarde APB 

1-A 5 

Hieraal CooTection, G«a 
Breete CoBTcrs«Be« 

6 

zx 


6/17/75 

1903-2135 

0-75 K or Blem 

7 5-10 5 

Haunt aljt Wave 

Patchy L 

p 


%xx 


Turbuicnca 


Forccut LlfcalUMoA 


L * light 
N - Mode rata 
a - berare 
I - Kxtrece 

Vi - Ver> llfHt 


P - Poor 
P - Pair 

0 - Good 
VC - Very Good 
EX - Excel lent 




TABLE II. -A COMPLETE CHRONOLOGY OF MAT MISSIONS WITH THE B-57B AIRCRAFT (CONCLUDED) 
Xc> PHASE 3 (EASTERN U. S . ,-THUNDERSTORM FLIGHTS, 8/5/7 5 TO 9/26/75) 


*0 

DATE 

TIKL (O^) 

SiJ^PCB AP£A (LIST IS ka) 

'■ 1 

(&jb) 

PIRPCSE 

KAJ 

TLTL^LJSCE 
EHCOJ TERED 

fO RECAST 
UKEUEOOD OF 
TURBLiiDiCX 

\.u 

£/ 5/75 

If-^ 3-21 35 

IjO SE L*f«ley AH,, VA 

12 2 

lirtx TTjuxiderilorM 

Rod* 

VO 


9/12/75 

lklb-1607 

0-1^0 V Roac^e, VA 

12 2 

k«w "Tiandrritomi 

Soot 

TO 

ko 

9/23/75 

l829-20k3 

Lvglc/ A/D, VA - kllxlLftOQ, b 2 

12 5-15 

h«w '"but den to rat 

PDtchy VL 

TO 


9/25/75 

I6k2-1922 

60-160 imdlut Ltc^ley A/B, VA 

*2 5-lk 

Zietr TbuBdentorat 

Patchy L 

TO 


9/26/75 

17^6-2005 

0-55 E, 90 S, 135 W Ufi*!*/ ATO, VA 

12-13 5 

Rttr T^uodtritonu 

Patchy M 

TO 


Turbulact 

I - Llgbt 
M - Modvrat* 

B • 8*v«r* 

S - Extra* 

VZ. - V«ry Xlcbt 


Forte ut LUtUtaoo4 

P - iPoor 
f - Ftlr 

Q 9 

va • v*nr Good 
CK • SKctUon 




3. Phase 3: 5 Flights conducted from the NASA Langley Research Center 

over the eastern US^with emphasis on thunderstorm - related 
turbulence, during August - September 1975. 

The classification of turbulence utilized in this report has been based 
upon observations of the normal acceleration records for the center of 
gravity in the following , manner : 

Lignt turbulence - frequently occurring peak c.g. accelerations 
of + .10 to .25 g. 

Moderate turbulence - frequently occurring peak c.g. accelerations 
of +_ .25 to .6o g. 

Severe turbulence - peak c.g. accelerations exceeding .6 g. 

Although these critical values agree closely with the criteria m.entioned for 
classifying turbulence in reference 12, the relatively low wing loading 
of the B-57B may have resulted in some overclassification of intensities 
in this report. 

lable III IS a summary of those missions which actually encountered and 
measured turbulence that could be classified as falling generally within the 
clear air category. (Low altitude mechanical turbulence, and thermal con- 
vective turbulence, not usually regarded as CAT, are included along with 
turbulence categories normally considered as CAT, such as jet stream wind 
shear turbulence^, the turbulence measured on missions 1+7 and 1+8, which occurred 
entirely within the tops of cumulonimbus clouds, is excluded from further 
discussion.) The table classified turbulence by duration of encounter and 
altitude band. The duration of encounter is described as being patchy (i.e., 
non-continuous ) or extended (i.e., more long-lasting). Three bands: (a) less 

than 3 km, (b) 3-6 km, and (c) greater than 6 km are used to describe the 
altitude of the turbulence. 
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TABLE III.- SUMMARY OF FLIGHTS ENCOUNTERING TURBULENCE 
BY DURATION OF ENCOUNTER AND ALTITUDE BAND 


Altitude 




Band 

duration of Encounter 

<10,000 ft. (3 km) 

10-20,000 ft. (3-6 km) 

,-»20,000 ft. (6 km) 


Flight - Turbulence Extent 

Flight - Turbulence Extent 

Flight - Tturhulence Extent 


28 - one run 2.5 min 

19 - one run 2 min; one 4 min 

15 - three runs 30 sec-1 min 



3^ - one run k sec, one 56 sec 

24 - four runs 1-3.5 min 

PATCHY 


k2 - one run 51 sec 

29 two runs 1-2 min 

TURBULENCE 



30 - one run 1.3 min; one 2.5 min 

ENCOUNTERS 



34 - one run 34 sec; one 2 min 

15 Flignts 
(liO runs) 



38 - three rtuis 1-2 min; one I8 sec 

40 - two runs with brief patches 

41 - two runs brief patches 

*- 



43 - tvo runs brief patches 


TOTAL: 1 Flight/1 run 

TOTAL: 3 Flights /5 runs 

TOTAL: 9 Flights/23 runs 


Flight - Turbulence Extent 

Flight - Turbulence Extent 

Flight - Turbulence Extent 


8 - tvo runs 21-2^1 min 

27 - one run I5 min; one 12 min 

26 - one run 13 min 

EXTENDED 
TURBULENCE 
ENCOUNTERS 
14 flights 
(48 runs} 

9 - tvo runs 20-22 min 
20 - five runs 6-9 min 

3^ - one run 8 min 
- tvo runs 4.5 min 

- one run 6.5 min 

- three runs 2-4 min 

1 28 - three runs 9-15 min 

39 - three runs 8-9 min 

30 - one run 5 min 

29 - one run 13.5 min 

- three runs 3.5-5 min 

32 - tvo runs 10-11 min 

33 - one run 9*5 min; 

42 - three runs 7-9 min 

- tvo runs 4-5 min 

one run 3.5 min 

- three runs 4.5-5 min 

4l - one run 7-5 min 




- one run 3.3 min 

- four runs 1.5-3 min 


TOTAL: 6 flights/ 15 runs 

TOTAL: k Flight s/l? runs 

TOTAL: 4 Flight s/l6 runs 




It may be noted from the table that turbulence vas encountered and 
measured on twenty fl,,hts. (Come flx.hts are included xn more than one 
category). Thirteen flights had patchy turbulence, comprising 29 
distinct turbulence data-taking runs; extended turbulence encounters 
occurred on ll+ flights ( 1+8 data runs). The encounters with patchy turbulence 
comprised one flight (l data run) in the lowest altitude band, three flights 
(5 runs) in the middle band, and nine flights (23 runs) in the highest band. 
Tne extended turbulence encounters included six flights (15 runs) in the 

lowest, four flights (17 runs) in the middle, and four flights (16 runs) 
in the upper altitude categories. 


Table IV presents the data for the 20 flights yielding significant 
measured clear air turbulence from the view points of tne distances flown 
turbulence of various intensities (light, moderate, severe), and the 
me teorological features most probably related to the turbulence occurrence. 

Tne table presents the flight number, date, altitude (km) of turbulence 
g B£ 9 . ^ter (not sear^ altitude as in Table III), the number of kilometers 
flown in turbulence intensities greater or equal to light, moderate, and 
severe, and the meteorological features most probably related to the 
turbulence. The turbulence encounter experience of the MAT B- 57 B project can be 
summarized from the TOTALS row at the bottom of the table. Over a I5 month 
period, 20 flights (out of 16 total) encountered significant turbulence; 

Its intensity was measured on 77 runs. A summation of the distances flown in 
turbulence shows that approximately 1+335 km of turbulence data in the "light" 
category, 1I16 km in the "moderate", and 255 km in tne "severe" category 
were recorded. If the 375 kt TAS (695 km/hr'l) baseline airspeed 
typical of nearly all MAT nassions (see FLIGHT OPERATIONS section ) is 
assumed to apply for ^ turbulence encounters, these distances translate 
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TABLL IV.- SUI'IARY OF iUT E5T3 .ZSSIOIiS EIICOLIJTFRIJG SIGHIFICAira TLRBULSIjCE LENGTHS BY DISTANCE (km) FLOWN IN 
lUIiBULKiCE OF VARIOUS INTENSITIES, AND MOST PROBABLE CLEAR AIR RELATED METEOROLOGICAL CONDITION 



i.ATE 

ALTITLDr, OF TuRBULENCE 

x^O. OF RUIJS 

TOTAL DIS 

TAi:CE (km) 

III TURBULENCE 

MOST PROBABLE RELATED 

NO. 


illCOUNTER(S) (km) 

EUCOUIFIERIl^G 

ITj^RBULSFCE 

LIGHT 

MODERATE 

SEVERE 

14ETE0R0L0GICAL CONDITION (s) 

8 

6/19/74 

0.5 - 1.1 

2 

300 

0 

0 

Low Altitude Convection 

9 

6/20/74 

0.5 - 1.1 

2 

460 

0 

0 

Low Altitude Convection 

15 

11/8/74 

0.2 - 9.1 

3 

47 

0 

0 

Upper Trough and Jet Stream 

19 

11/26/74 

5-6 

2 

71 

0 

0 

Low Level Jet Stream with Vertical 








Wind Shear and Strong Horizontal 
Temperature Gradient 

20 

12/3/74 

1 - 5.5 

5 

293 

111 

Ih 

Appalachian Moimtain Wave 

24 

12 / 17/74 

5.9 

4 

112 

1 

0 

Strong Vertical and Horizontal V7ind 








Shears below Jet Stream 

26 

1/14/75 

9.1 - 9.5 

5 

324 

75 

0 

Upper Trough and Jet Stream 

27 

1/30/75 

4.7 

2 

147 

4 

0 

XjOw Level Jet Stream with Vertical 








Wind Shear Below 

28 

2/14/75 

1.3 - 2.6 

4 

305 

168 

52 

Low Altitude Wind Shear and 








Orographic Effects 

29 

2/20/75 

1.2 

1 

108 

66 

20 

Low Level Orographic Effects, Rotor Zone' 



7.4 

1 

200 

0 

0 

Mountain Wave 



10.7 

1 

15 

0 

0 

Mountain Wave 

30 

3/7/75 

i4.3 - i4.5 

3 

77 

0 

0 

Mountain Wave 

32 

3 / 26/75 

12.0 - 13.5 

6 

331 

177 

0 

Complex Orographic Effects in Death 








Valley, Vertical Wind Shear, 
Jet Stream 

33 

3/28/75 

1.8 - 2.8 

2 

112 

44 

0 

Low level Orographic Effects 

34 

4/4/75 

4.0 - 4.4 

5 

168 

161 

70 

Low Level Mountain Wave 

38 

4/24/75 

10.8 - 11.6 

4 

58 

0 

0 

Short Wave Trough and Orographic 








Effects 

39 

5/20/75 

3 - 4.5 

6 

453 

176 

52 

Mountain Wave and Intense Upper Front 

4o 

5/20/75 

12.1 - 12.4 

2 

16 

0 

0 

Frontal Passage and O^r’ographic 








Effects 

4l 

5/21/75 

7.3 - 7.6 

8 

230 

105 

0 

Fast Moving Short Wave Trough with 








Vertical, Horizontal Wind Shears 

42 

6/13/75 

1.6 - 4.5 

7 

464 

317 

47 

Low Altitude Convection and Sea 








Breeze Convergence 

43 

6 / 17/75 

8.8 

2 

24 

11 

0 

Dissipating Mountain Wave 

TOTALS 


77 

4335 

l4l6 

255 
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to roughly 6.3 hrs. spent in light, some 2.1 hrs. in moderate, and some 0.5 hr. 
in severe turbulence during the program. In the research program, the B-57B 
was airborne for a total of 93.5 hrs. Thus, the aircraft was in light tur- 
bulence 6.7 percent, moderate turbulence 2.2 percent, and severe turbulence 
0.5 percent of the time. The overall ratios of severe/light and moderate/light 
turbulence experienced in thi^ program are larger than the average amounts found 
over the same altitude bands in reference 12. This probably reflects the fact 
that the MAT program actively sought turbulence, and thereby encountered more 
of the intense categories, than did the other turbulence search programs, which 
passively recorded turbulence encounters during routine operations. 

Partitioning the lengths (or time intervals) of turbulence encountered 
according to probable meteorological cause is difficult because, as may be seen 
from Table IV, on several flights a combination of conditions was probably 
acting to contribute to the observed turbulence. Nevertheless, an approximate 
distribution based on the predominant conditions is presented in Table V. For 
each condition or combination, the table l^st^^ th'^ nu~ber of flights (and asso- 
ciated data runs), the distances (km) flown in the three intensity categories, 
and the total distance flown in turbulence for each category. Table V shows 
that more low-level orographic turbulence was sampled during the program than 
that of any other category, and turbulence from low altitude convection was 
the second-ranked category. 

Tables VI and VII present the MAT turbulence encounter data in a form which 
should assist investigations of the connections between the turbulence spectra 
to be derived from this project and the meteorological situation existing at 
the time of each flight. In this connection, it is recommended 
that the investigator utilize these two tables, along 
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TABLE V.- A RAEJKING OF MAT B-57B CLEAR AIR 


PREDOLiIUAi^T 

IICTEOROLOGICAI 

CORDITIOxl 


.UI'IBER OF FLIGHTS 
(LATA RLHS) 


LOW- ALTITUDE OROGRAPHIC 

LOW-ALTITUDE COl'IVECTIOH 

I'lOUI^TAIH WAVE, III ASSOCIATIOH 
WITH IHTENSE UPPER FROHT 

HIGH ALTITUDE JET STREAM 
AND WIHD SHEAR 

MOUHTALJ V7AVE 

LOW ALTITUDE OROGRAPHIC, 
TOGETHER WITH MOUHTAIH V/AVE 

UPPER TROUGH OR UPPER FROHl 


^ (17) 
3 (9) 


1 (6) 


3 (12) 
3 (10) 


1 (3) 

3 ilk) 


LOW ALTITUDE JET STREAi4 
AIJD WIND SHEAR 

SEA BREEZE CONVERGENCE 


2 ( 11 ) 
1 ( 2 ) 


TOTALS 


20 ( 77 ) 


TURBULENCE ENCOUIJTERS BY METEOROLOGICAL CONDITION 


DISTANCE (km) IN TUPEULEICE INTENSITY 


LIGHT 

MODERATE 

SEVERE 

TOTAL 

916 

550 

122 

1588 

1132 

234 

21 

1387 

i+53 

176 

52 

681 

483 

76 

0 

559 

394 

122 

Ih 

530 

323 

66 

20 

409 

304 

105 

0 

409 

218 

4 

0 

222 

112 

83 

26 

221 

4335 

l4i6 

255 

60 l 6 




with the applicable synoptic analyses, flight tracks, rawin soundings, etc. 
presented in Volume II (Appendix C) , to gain an understanding of the micro, 
meso, and synoptic scales of meteorological variability accompanying the 
turbulence encounter (s) under study. Table VI summarizes individual turbu- 
lence runs for the 20 MAT B— 57B flights where significant turbulence was en- 
countered and measured. For each turbulence run, the start and finish points 
are given in terms of latitude and longitude, as well as the true heading 
(ground track) of the run in degrees. Then, as in Tables IV and V, the number 
of kilometers spent in turbulence of various intensities is tabulated. Table 
VII describes the temperature and wind variability encountered along the run, 
and gives additional details such as cloud cover. Using the results of these 
tables, and referring to Volume II (Appendix C) , correlations can be made of 
the turbulence observed to the positions of mountain ranges, and weather fronts, 
jet streams and temperature gradients, etc. Reference 10 is an example of a 
flight analyzed in such a manner (Flight 32). 
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TABLE VI.- A LISTING OF HAT B-573 TURBULENCE ENCOUNTERS, BY DATA RUN 
(a) Flights 8-2^, positional data 


Flight 
( date) 

Data run/ 
altitude 
(km) 

End poants 

of data run 

Run heading 
(deg. true) 

Distance in turbulence 
(kin) 

Start 

Finish 

> Light 

> Moderate 

> Severe 

Lat. (N) 

Long. (W) 

Lat. (II) 

Long. (W) 

8 (6/19M) 

1/0.46 

37°05' 

76 ° 21 ' 

36 °o 6 ' 

79057, 

24o 

130 

0 

0 


2/0.46 

36 ° 06 ' 

79057, 

37°05' 

76 ° 21 ' 

060 

170 

0 

0 

9 { 6 / 20 / 7 k ) 

1/0.46 

370051 

76 ° 21 ' 

36 °o 6 ' 

79057, 

240 

24 0 

0 

0 


2/0.46 

36 ° 06 ' 

79057, 

37°05' 

76 ° 21 ' 

060 

240 

0 

0 

15 (ll/8/7i+) 

1 / 8.2 

36°48' 

73°13' 

38 ° 39' 

74019, 

020 

12 

0 

' 0 


2/8.2 

38°24' 

73038, 

36°53' 

76°11' 

201 

1 + 

0 

0 


619.1 

36°53' 

75055, 

34°57' 

76°48' 

211 

31 

0 

0 


7/9.4 

35°20’ 

76°i+5' 

36°09' 

76°12' 

032 

0 

0 

0 

19 (11/26/7^+) 

1/5.9 

37037, 

72°39' 

37027 , 

72035, 

109 

ho 

0 

0 


2/5.9 

37027. 

72036' 

37°4i' 

75059, 

287 

1 

0 

0 


3/5.1 

37°4i’ 

74053, 

37°4o' 

74057, 

301 

30 

0 

0 


4/5.1 

37035, 

74°56' 

36°52' 

75059, 

l4i 

0 

0 

0 


5/5.5 

37017, 

74041, 

37°18' 

75028* 

275 

0 

0 

0 

20 (12/3/74) 

3/2.0 

37044, 

78°55' 

38°i8' 

71°46’ 

305 

65 

32 

2 


5/2.0 

38°15' 

79047, 

37044, 

79°o4' 

125 

53 

0 

0 


6/2.0 

37034, 

79013, 

38°i6' 

79032, 

347 

73 

19 

1 


7/2.0 

38°13' 

79028 ' 

37033, 

79057, 

223 

kg 

31 

3 


8/2.0 

37043, 

79051, 

38°i4' 

79°i8' 

029 

53 

29 

8 

2 k (12/17/74) 

616.0 

37° 30' 

77019, 

35039, 

77°46' 

233 

34 

0 

0 


7/7.0 

36°52' 

77054, 

37057, 

76°12’ 

068 

39 

0 

0 


8/6.0 

36°33* 

77020 ' 

37°10' 

77°55’ 

242 

13 

0 

0 


9/6.0 

37°10* 

77044, 

36°03' 

77°o6' 

092 

26 

1 

0 















TABLE VI.- Continued 
(b) Flights 26-30, positional data 


Flight 
( date) 


26 (l/lL/75) 


27 (1/30/75) 


28 ( 2 / 11 +/ 75 ) 


29 (2/20/75) 


Data run/ 
altitude 
(kn) 


End points of data run 


Start 


Finish 


Run heading 


Distance in turbulence 
(km) 



Lat. (li; 

> Long, (U] 

) Lat . ( N ) 

1 Long, (w) 


^ Light 

5 / 9.5 

6/9.6 

8/9.0 

9/9.1 

10/9.1 

36°27' 

35°51' 

36°57' 

37°51' 

37°49* 

78°45' 

80°06' 

79057 , 

79058 . 

79053 , 

35°56' 
36°03' 
36°03' 
37°03' 
37°04 ' 

80 ° 22 ' 

78°4o» 

77015, 

79058 , 

77 O 09 , 

249 

070 

327 

237 

084 

121 

54 

27 

59 

63 

10/10.7 

13 / 10.7 

17/4.7 

18/4.8 

40°00' 

4o°39' 

370591 

36°36' 

73045 , 

73°46' 

74041 , 

76°17' 

4o°io' 

39°07' 

36°33' 

35°10' 

73031, 

74023 , 

76°31' 

75°28' 

022 

222 

222 

022 

0 

0 

87 

60 


h/i.e 

6 / 2.0 

7/2.6 

8/1.3 

6/10.7 

1 /l.h 

8 / 1.2 

2/1U.3 

3/lk.Q 

h/lk.6 

^/Ih.k 

6 /lh .2 

8/11+.5 

9/14.5 


34°44' 

34°34* 

34°55' 

35°i4* 

36°49' 


34°45' 

35°46' 

35°i4» 

35°12* 

35°07' 

31*039, 

35°28' 


117°14' 

34°36' 

116°45' 

102 

116°51' 

34°38' 

II 7059 , 

275 

II 7059 , 

34°39' 

117°i4' 

061 

117 ° 28 ' 

34048 ' 

118 ° 05 ' 

250 

118 ° 21 ' 

36°21' 

117°05' 

120 

116°36’ 

36°1*9 ' 

II 8021 ' 

300 

118°38» 

35°17' 

117°39’ 

052 

118°34' 

35°05' 

117025 , 

075 

II 7052 , 

34°19 ' 

117033 , 

17 ^ 

117°i4' 

34039 , 

117047 , 

268 

117°51' 

35°08» 

ll 8 °o 6 ' 

2 hl 

118 ° 21 ' 

35°06' 

117042 , 

255 

117°i4’ 

34039 , 

120°48' 

25S 

117°46' 

35°03' 

117031 , 

150 


TABLE VT.- Continued 


(c) Flights 32-38, positional data 


Flight 
( date) 

Data run/ 
altitude 
(km) 

End points 

of data run 

Run heading 
(deg. true) 


Start 

Finish 


(km) 

c: 

Lat. (N) 

Long. (W) 

Lat. (N) 

Long . (\ l ) 

^ Light 

^ Moderate 

^ Severe 

32 (3/26/75) 

2/13.2 

36°36' 

117°50' 

36°48' 

116°28» 

075 

44 

39 

0 


3/13.2 

36°48» 

ll6°04' 

36°24* 

115°4i* 

105 

1+7 

5 

0 


i+/l3.2 

36°17* 

115°43' 

36°48* 

117°27' 

284 

110 

78 

0 


5/13.1 

36°35' 

117031, 

36° 36' 

117057, 

283 

5 

0 

0 


7/13.1 

36°29' 

117045, 

35°57' 

ll6°ll' 

105 

20 

5 

0 


9/13.2 

36°20' 

115°52' 

36°38' 

117°25* 

294 

105 

50 

0 

33 (3/28/75) 

2/2.8 


116°42’ 


116°36' 

099 

84 

37 

0 


3/1.8 


115°46’ 

34°o6* 

115°i6’ 

096 

28 

7 

0 

3^4 ih / k / 1 ^) 

2 lU.k 

37°21' 

II7059, 


Il8°00’ 

34 0 

1 

1 

1 


3 / h.k 

36°33' 

118°03’ 

37°o4* 

117034. 

340 

36 

34 

7 


5/4.0 

36 049 • 

118°11' 

37° 31' 

117°58’ 

160 

50 

49 

i 

9 


6/4.0 

36°17' 

117034, 

36°i4' 

117059, 

185 

8 

4 

0 


7/4.0 

36°4o» 

118°03' 

1 

37°05' 

118°21* 

336 

73 

73 

53 

38 (1+/2U/75) 

3/11.6 

37053, 

117°47' 

38°11' 

117°45' 

071 

3 

0 

0 


5/10.8 

38°20' 

116°59' 

38°00' 

117°46’ 

24 1 

13 

0 

0 


6/10.8 

38°07' 

117029 • 

38°48» 

115°48» 

061 

19 

0 

0 


7/10.8 

38°09' 

115°58' 

39°i6' 

ll6°4l’ 

322 

23 

0 

0 


8/10.8 

38°59' 

117°08' 

38°49' 

117°i4* 

215 

0 

0 

0 




















1A3LE VI.- Continued 
(d) Flights 39 -i+l, positional data 


Flight 
( date ) 


39 (5/20/75) 


Data run/ 
altitude 
(krO 


2/3.2 

3/h.l 

5/4.1 

7/4.2 

9/4.2 

10/4.2 


40 (5/20/75) 3/12.4 

5/12.1 

41 (5/21/75) 5/7.4 

6/7.4 
in.'? 
8/7.5 
10/7.5 
12/7.5 
13/7.5 
14/7.5 
15/7.5 


End points of data run 


Start 


Finish 


I Run heading 
(deg, true) 


Lat. (N) 

Long. (W) 

Lat. (N) 

Long. (W) 


34054 f 

Il8°07' 

34033. 

117042. 

118 

34029. 

117033, 

34°55' 

118°20' 

301 

34°54' 

118°07' 

34°11' 

116°53' 

127 

34024. 

116°50' 

35°10' 

Il8°06' 

304 

35°06* 

116°38' 

33051, 

118°04' 

229 

33°58' 

117°56’ 

35°14’ 

117°54' 

357 

34023. 

117°53’ 

34°48' 

II7017, 

' 149 

34043. 

116°21' 

34025. 

115°36' 

296 

36°53’ 

119042. 

36°4i' 

Il8°l8’ 

092 

35°24» 

ii8°09' 

34°51' 

118°07' 

178 

35°17' 

117°45’ 

34°59’ 

117°05' 

113 

35°l4' 

II7035, 

35°46' 

117033, 

358 

35°44’ 

li8°o4' 

34° 50' 

117°50' 

181 

34059. 

117°11' 

35°03' 

116°52' 

078 

34059. 

117°ll' 

35°03' 

116°52’ 

078 

35°10' 

116°43' 

35°09' 

117°07' 

266 

35°04' 

116°58* 

34049, 

117°54' 

260 


Distance in turbulence 
(km) 

- Light > Moderate > Severe 



TABLE VI 


Concluded 


(g) Flights h 2 and positional data 


Flight 
( date) 

Data run/ 
altitude 
(km) 

End points of data run 

Run heading 
(deg. true) 

Distance in turbulence 
(km) 

Start 

Finish 

> Light 

> Moderage 

^ Severe 

Lat. (n) 

Long. (V/) 

Lat. (II) 

Long. (W) 

h2 (6/13/75) 

2/k.5 

35°^2* 

115°i^8' 

35°06’ 

115°13' 

ll+o 

88 

68 

20 


3/h.5 

35059, 

ll6°03' 

35°10' 

115°13' 

322 

103 

69 

0 



35°29' 

115°59' 

35°^8' 

115°27' 

056 

it 7 

Ih 

0 


6/1.6 

36°00' 

115°5^’ 

36°20’ 

115033, 

161 

lOl 

83 

0 


7/1.8 

35°li+' 

115°31' 

35°10' 

115027, 

152 

10 

0 

1 


8/3.3 

3h°25' 

116°50' 

3U°39' 

117°26' 

295 

17 

26 

8 


9/3.3 

3h°2h' 

117°05' 

3i+°58' 

117 °i 6 ' 

3 hl 

65 

57 

18 

k3 (6111115) 

2/9.1 

36°30' 

118°27' 

37 O 051 

118°19' 

355 

0 

0 

0 


3/8.8 

39°2it' 

ll8°00* 

38°1+6' 

115°51' 

105 

8 i 

0 

0 


h/1.6 

38°50' 

115°52' 

3901I » 

116°36' 

307 

16 ! 

11 

0 


7/10.7 

38°03' 

117°11' 

390118 ' 

11701+9, 

298 

0 

0 

0 


9/10.7 

37005, 

117°^U» 

36°30' 

Il8°ll' 

2 U 1 

Patchy 

0 

0 





1 



VL 











TABLE VII.- A LISTING OF MAT B-57B ENCOUNTERS, BY DATA RUN 


(a) Flights 8-24, meteorological data 


Flight 
( date) 

Data run/ 
altitude 
(km) 

Average wind 
(deg/rasec“^) 

Significant variability on run 

Remarks 

(cloud conditions, etc.) 

Temperature 

(°c) 

Wind 

(deg/msec“^) 

Gradient 

Small scale 

Gradient 

Small scale 

8 (6/19/74) 

1/0.46 

Not available 

Not available (data recording problems) 

Scattered Cu at 1 km 


2/0.46 

Not available 

Not available (data recording problems) 

Scattered Cu at 1 km 

9 (6/20/74) 

1/0.46 

Not available 

Not available (data recording problems) 

Broken Cu at 1 km 


2/0.46 

Not available 

Not available (data recording problems) 


15 (11/8/74) 

1/8.2 

331/25 

- 37.5 -40 

±1 


20° dir. changes 

Cs 60 m below a/c 


2/8.2 

337/35 

_uo •> -36 

- 1 . 5/2 km 

35 + 38 - 

^ 28 msec"^ 

Cs 60 m below a/c 


6/9.1 

290/16 


-1.5/2 km 

20 13 msec“^ 

In thick Cs 


7/9.4 

241/22 

-0 

-0 

19 2h msec**^ 

235 - 235 ° 

In and out of thick Cs tops 

19 (11/26/74) 

1/5.9 

246/60 

Not available 

Not available 

(Overcast with tops at 2 km 


2/5.9 


Not available 

Not available 

on all runs) 

• 

3/5.1 


Not available 

Not available 



4/5.1 

242/34 

Not available 

Not available 



5/5.5 


Not available 

Not available 


20 (12/3/74) 

3/2.0 

326/27 

Waves of 6-8° amplitude 

10 msec“^ higher in warm zones 

(Large variations in turbulence 


5/2.0 

318/28 

Wavelengths 12 km 

10 msec*“^ higher in warm zones 

intensity on all runs on this 


6/2.0 

328/25 

Wavelengths 12 km 

10 msec“^ higher in warm zones 

flight) 


7/2.0 

330/28 

4>5° 

No waves 

Min. speed 

25 msec"*^ 



8/2.0 

315/23 

30 km wave. 

7° amplitude 

Min. speed 

25 msec“^ 


24 (12/17/74) 

6/6.0 

234/18 

-3.0 

±1° in turbo. 

8° dir. 

changes 

Run parallel to As 3 km below a/c 


7/7.0 

227/55 

+ 4.5 

±2° in turbc. 

Direction constant 

Cs at end of run 


8/6.0 

243/37 

-4.4 

± 1 ° in 1-2 km 

Steady change of l4° 

Ac bands 3 km below a/c 


9/6.0 

227/61 

+5.3 

±1° in 2-3 km 

223 - 

-220° 

Cs at end of run 




TABLE VII,- Continued 


(b) Flights 26-30, meteorological data. 


Flight 

(date) 

Data run/ 
altitude 
(km) 

Average wind 
(deg/msec“’l) 

Significant variability on run 


Temperature 

(OC) 

Wind 

(deg/msec“l) 

Remarks 

(cloud conditions, etc.) 

Gradient 

Small scale 

Gradient 

Small scale 

26 (I/ 1 I 4 / 75 ) 

5 / 9.5 

6/9.6 

8/9.0 

9/9.1 

10/9.1 

245/36 

244/50 

229/62 

24l/4l 

237/50 

+2*^C warming 
+1.2^C increa 
+1-2°C 1 
+1^C in 
None 

in middle of run 
se at end of run 
n 2 -> 6 km 
150 H- 300 m 
None 

-13 rnsec"^ 

+16 msec"^ 

-I 8 msec“^, di 
-8 msec“^, di 

+18 msec™^ 

235 -*■ 260 ° 

250 -»■ 240° 
r, constant 
r, constant 
245 -*■ 230° 

Scattered Cu on all runs, 
at 1.4 km altitude 

27 (1/30/75) 

10/10.7 

13/10.7 

17/4.7 

18 / 4.8 

290/79 

296/76 

303/42 

291/41 

None 
+1° in 

-8.4 

-8.8 

None 
last 35 Lm 
(±2-3 in 
2 3 km) 

+8 nsec“^ at end 
-8 msec“^ at end 
+5 msec”^ in middle 
±5^ direction changes 

Scattered Ci 300 m above a/c 
with patchy VL turbc. 
Occasional L-M turbc , As 
9 O-I 5 O m above a/c 

28 (2/14/75) 

4/1.6 

6/2.0 

7/2.6 

8/1.3 

277/21 

279/13 

283/16 

285/18 

-1.5 

0 

±6 8 ml 

±6 8 in 1 

±1 

-2,5 mid run 
^-28 km waves 
^-28 km waves 

±20^ ^direction changes 
±4o direction changes 
±4 msec“^, dir. co .tant 
12 -► 30 msec“^ shear in 70 km 

Scattered Cu at 1.2 km, turbc. 
intensity variable on all 
four runs 

29 (2/20/75) 

■n 

247/57 

292/40 

259/13 


e in 34 km 
1 None 

in 32 km 

+5-7 msec"^, dir. constant 
+5 msec“^, dir. constant 
2 -> 23 msec“^, 30° variation 

A/c 1.3 km above edge of Cs 
At base of thick Cs 
(Clear) 

30 (3/7/75) 

2/14.3 

3/14.8 

4/14.6 

5/14.4 

6/14.2 

8/14.5 

9/l't.5 

Unknown 

249/34 

244/20 

244/20 

244/20 

244/20 

240/35 

1 

None 

None 

±1 

±1 

±1 

±1-3/20 km 
+ 15/2 km 

None 

Speed varies 

4 msec”^ 
None 1 

None 1 

10 msec”T 

±5 msec* 

None 

25 40 msec*^ 
decrease 
None 
None 
increase 
•^/2 km 

Large Cs layer 6 km below a/c 
(Turbulence along edge of Cs 
on runs 3-9, with cloud tops 
at 8.2 km) 


















TABLE VII.- Continued 


(c) Flights 32-38, meteorological data. 


Flight 

(date) 

Data run/ 
altitude 
(km) 

Average wind 
(deg/msec~^) 

Significant variability on run 

Remarks 

(cloud conditions, etc.) 

Temperature 

(°c) 

Wind 

(deg/msec"^) 

Gradient 

Small scsd.e 

Gradient 

Small scale 

32 (3/26/75) 

2/13.2 

3/13.2 

4/13.2 

5/13.1 

7/13.1 

9/13.2 

355/26 

314/24 

304/12 

353/27 

344/36 

326/15 

(See appendix C, text, and figure C-59> also see reference 10) 

33 (3/28/75) 

2/2.8 

3/1.8 

030/7 

030/7 

One 2,2 cooling at end of run 
Not available 

Speed decreases from 
10 1 msec"^ 

(Clear) 

34 (4/4/75) 

2/4.4 

3/4.4 

5/4.0 

6/4.0 

7/4.0 

Not available 
235/17 
279/11 

Not available 
250/13 

None 

-0 

>1,0 

1,5/2 km 
Two warm zones 

None 
±1/3 sec 
2/5 sec 

waves 

(k^C ) , 5 km long 

None 
±5 msec 

2l+0 320°, 

No^ a 
5-^2 

None 
in 5 sec 
5 10 rasec”^ 

vail able 
0 msec"^ 

(As rotor clouds observed 
5 15 kra windward of 

all runs) 

38 (4/24/75) 

3/11.6 

5/10.8 

6/10.8 

7/10.8 

8/10.8 

240/47 

242/35 

240/45 

230/45 

245/38 

, None 
+ .4 
-2 

<1.0 

None 

±.5 

±.2 

±.2 

+1/2 sec 
None 

240/45 230/50 

236/38 ->- 246/33 
230-240, /42-47 msec~^ 
234/52 -»■ 227/38 
None I None 

Some Cu over mountains 
Some Cu over mountains 
Overcast, tops ^.6 km 
Overcast, tops km 
Overcast, tope i+,6 km 






TABLE VII,- Continued 


(d) Flights 39-41, meteorological data 


Flight 

(date) 

Data run/ 
altitude 
(km) 

Average wind 
(deg/msec“^) 

Significant variability on run 

Remarks 

(cloud conditions, etc.) 

Temperature 

(°C) 

Wind 

(deg/msec“^ ) 

Gradient 

Small scale 

Gradient 

Small scale 

39 (5/20/75) 

2/3.2 

( 270 - 290 / 

None 

4 5 / 2-3 km 

Backing 270- 

250 ® durihg run 

Overcast Cu 300-900 m 


3/1*. 1 

28-30 on 

Sharp gradients 

Wind decrease in turbulence 

below flight level on 



all runs) 

-4/10 km, +6/4 km 



all runs 


5/4.1 


Short waves, +4/2 km 

Wind decrease in turbulence 



7/4.2 


15 

+5/2 km waves 

±7^^ dir. 

changes/km 



9/4.2 


+4 

+ 10/2 km 

±10°, ±5 msec"^/kjn changes 



10/4.2 


-10 

Two 2 . 5/4 km waves 

±20-30° dir. 

changes in 2 km 


1+0 (5/20/75) 

3/12.4 

( 270 - 290 / 

None 

±2 

None 

None 

Scattered-broken Cu, 


5 / 12.1 

28 - 38 ) 

None 

None 

None 

None 

tops 4 km 

Ul [ 5121 / 15 ) 

5/7.4 

010/30 

None 

None 

None 

None 

Overcast Cu, with 








buildups to 4,6 km 


6/7.4 

360/27 

None 

1/1 km 

36 c 27 

345/20 

Cs to north, base 7.3 km 


7/7.5 

350/25 

<-lO 

Two patches ±0.3 

360/27 

-*■ 342/21 

Cs to north, base 7.3 km 


8/7.5 

010/17 

None 

±0.2 

20^ dir. changes in .5-4 km 

Scattered Cu near 3 km 






waves 




10/7.5 

035/26 

None 

±0.3 

20® dir. changes in 1-2 km 

(See runs 5-8) 


12/7.5 

025/20 

None 

±0.3 



(See runs 5-8) 


13/7.5 

355/15 

None 

±.2 -*■ . 3/. 5 km 

±5 2 msec" 

and 

(See runs 5-8) 






30 ® dir. changes in 2 km 



14/7.5 

020 / 15-20 

None 

+2/4 km 

+4 msec”l, ±5® 

(See runs 5-8) 


15/7.5 

010 - 020 / 20 \ 

+1.4 

±.l 

±4 msec"^ 

->■ ±1 msec" 

(See runs 5-8) 













TABLE VII.- Concluded 


(e) Flights 42 and 43, meteorological data 


Flight 

(date) 


42 (6/13/75) 


43 (6/17/75) 


Data run/ 
altitude 
(km) 


2/4.5 

3/4.5 

4/4.5 

6 / 1.6 

7/1.8 

8/3.3 

9/3.3 


2/9.1 

3 / 8.8 

4/7.6 

7/10.7 

9/10.7 


Average vind 
(deg/msec“^) 


(Direction highly 
variable on all 
runs, speeds 
2-10 msec"^) 


(Not available) 


Significant variability on run 


Temperature 

(°C) 


Gradient 


None 

None 

None 

None 

None 

None 

None 


None 

None 

None 

None 

None 


Small scale 


±0.4 
±2/2 km 
Two +1.5/2 km 
Two +1/.6 km 
+l/km 
1.5/. 3 km 
+2/. 5 km 


None 

None 

±1 

None 

None 


Wind 

(deg/msec"^) 


Gradient 


120 270 ° 
070 230 ° 
127 265"^ 

020 350 ° 
100 -> 180° 
l4o -> 04 qo 
l4o 040° 


Small scale 


Remarks 

(cloud conditions, etc.) 


±2 msec*"^ 
±2 mseC'l 
±2 msec“l 
±1 msec“^ 
±2 msec"^ 
±2 msec"^ 
±2 msec“^ 


Hone I None 
Not available 
Not available 
Not available 
Not available 


In low altitude convective turbulence 
|ln low altitude convective turbulence 
In low altitude convective turbulence 
lln low altitude convective turbulence 
In "dust devil" 

In sea-breeze convergence area 
|In sea-breeze convergence area 


Lenticulars near flight level 
Lenticulars imbedded in Cu 
Lenticulars imbedded in Cu 
Lenticulars dissipating 
Lenticulars dissipating 
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ref. 8). The procedure required that electrical power he maintained on the 
inertial navigation system (iNS) during the Schuler check, and the use of 
special ground equipment. In addition to the requirement for special ground 
^Q.wipment , refueling at a forward hase to expand the turbulence search 
radius would have required shutting off power to the instrumentation. Before 
the mission could have continued, in such a case, the above-mentioned 1 1/2 hour 
checkout procedure would have been required. Due to these constraints, 
therefore, operations were limited to a single base (i.e., Langley AFB, VA, 
or Edwards AFB, CA) during each phase of the program. There were several 
occasions wherein operations from a forward base would have allowed sampling 
jet streams, etc., which otherwise lay outside the operational radius of the 
3-arcraft . The mentioned difficulties attendance to such operations, however, 
lead to the conclusions that having tip tanks on the aircraft, or using a 
longer range aircraft, would be preferred to staging from forward bases with 
the existing instrumentation system. 

At Langley AFB delays in taJteoff of up to 20 minutes occasionally 
occurred due to heavy military air traffic. In operations from each 
base, tnree or four missions had delays between 15 and 30 minutes during 
elimbouts because of heavy commercial and military traffic. In some instances 
the meteorological cciiiditions aj'peared highly favorable for mountain wave 
tutbuJcnce over Baja California (Mexico) however , no missions were 
flown out ol Edwards AFB to northern Mexico, although this was within the 
opet itionil radius of the project aircraft, because of the extensive delays 
that are usually necessary in order to obtain clearance to fly over Mexico. 
Occasionally, turbulence runs were prematurely terminated because a continuation 
would have resulted in the aircraft entering a restricted area. 

The initial program .jampling objectives called for the measurement 
of turbulence associated with jet streams, low altitude flow and 
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Appalachian Movintain waves in the late winter of IS'fS-h while the B-57B was 
based at LaRC. Then, the airplane was to be based at DFRC to sample mountain 
wave turbulence during the seasonal peak of the Sierra mountain wave activity 
from late February through April 1975. Turbulence associated with dry thermal 
convective activity was also to be sampled from DFRC during the May — June 1975 
period. A delay of approximately four months in preparing the aircraft 
resulted in initation of sampling missions in June 197 U. This delay ordinarily 
would have had little impact on the sampling obtained dxiring the program. 

During late 197^, however, the frequency of strong jet stream activity within 
range of LaRC was significantly less than normal, this resulted in a 
reduced amount of jet stream turbulence samplings. 

Based on the MAT B-57B experience, it is believed that future clear air 
turbulence investigations should consider the following recommendations. 

Aircraft Operations 

1. Utilize an aircraft with a long operational radius, both for 
increasing the size of the search area or for increasing the on-station 
sampling time. 

2. Operate from a base which has a high percentage of VFR weather 
and is within range of a variety of meteorological conditions such as 
mountain waves, jet streams, thermal convection, sea breeze convergence 
and terrain-related low altitude tiarbulence (e.g. Edwards AFB). 

3 . When practicable, schedule flight times to interface with the 
upper— air analysis and forecasting schedule as closely as possible. 
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Turbulence Instrmiient at ion 


1. Configure the airborne instrumentation system to be capable of 
independent operations from forward bases. The system should be capable 
of a rapid start-up time to allow launching the aircraft to become airborne 
quickly for investigating transient turbulence phenomena, such as those found 
in thunderstorms and rapidly moving upper air fronts. 

2. Minimize pilot workload by locating displays and switches in 
the observer's compartment, such as • 

a. On-off data switch 

b. Primary digital clock 

c. More sensitive altitude readout 

d. INS displays, enabling the observer to determine ground 
tracks more easily and accurately, and read out winds directly. 

Turbulence Sampling 

1. utilize the full-time project-dedicated flying meteorologist/ 
observer concept. 

2. Solicit reports from other search aircraft (or dedicated "probe" 
aircraft) on turbulent conditions. Request that probe-type aircraft remain 
in tne turbulent area long enough to evaluate it for the data sampling 
aircraft . 

o. Pnoto{;;raph clouds as appropriate for documenting turbulent 
situations. (See exaiiples in tne second volume.) 

h. Obtain aircraft tempei iture soundings upstream and downstream, as well 
IS in the turbulent area, utilizing a high rate of descent to discern local 
atmospheric structure in the veitical. 

5. Obtain special rawinsonde ascents in dynamic situations, 
utilizing a network where practicable (e.g. ref. 13). 

6. Maintain liaison with FAA Air Traffic Control on mission needs, to 
enable achieving as much tui'bulence pattern time as practicable. 
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Turbulence Forecasting 


1. Actively seek PIREPs from aircraft operating within the operational 
radius of the research aircraft through Air Traffic Control conrmuni cat ions . 

Make best use of reports from military and/or other civilian research aircraft, 
wnen operating from bases such as Langley or Edwards. 

2. Employ mesoscale analyses giving the altitude(s) and magnitudes of 
maximum wind shear, both in the horizontal and the vertical directions 
(either manual (as, e.g., in ref. 13) or automated analyses could be used). 

3 Qualit itive considerations and nomogi aph techniques (ref. l^i-) 
oiiould be used to i.^olate mountain-wave CAT and eliminate some non- 
promising CAT situations. 

U. Refine techniques for forecasting and analyzing the location of 
turbulence near moving upper level mesoscale troughs (these troughs provided 
the best cases of continuous, high-intensity turbulence encountered in the 
prograti ) . 

5. Employ and evaluate automated forecast aids, such as the parametric 
approach of reference 15 and the construction of isentropic cross sections, 
as, e.g., in references l6 and 17 , for narrowing the areas to be probed 
for turbulence. 
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CONCLUDING REMARKS 


The res\ilts of forty-six clear air turtulence-sampling missions 
performed with an instrumented B-5TB aircraft have been documented from a 
meteorological viewpoint. The data have been presented in a manner designed 
to allow correlation of the turbulence spectra derived from the project 
with the synoptic and mesoscale conditions associated with the turbulence. 

In the program, clear air turbulence samples were obtained under a 
variety of weather conditions including mountain waves, jet streams, upper 
fronts and troughs, strong low-level winds, and thermal convection. 

CAT was encountered ana measured on 20 flights comprising 77 data runs. In 
all, approximately 4335 km were flown in light, l4l6 km in moderate, and 
255 km in severe turbulence during the prograia. 

The flight planning, operational and weather forecasting aspects of 
tne kAT program have been discussed. It was concluded that the practice 
of engaging tne full-time services of a project meteorologist - airborne 
observer was particularly proauctive in obtaining a high frequency of 
turbulence encounters and conserving project resources. Suggestions for 
planning future turbulence forecasting/sampling efforts were also presented. 
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APPiCljUlX A 


WLATIiER FORLCASTII'IG FOR OPERATIONS 
Overall Activities of the MAT Meteorologist-Airborne Observer 

For .''lAT operations staged from the NASA Langley Research Center (LaRC), 
tile .IAEA Flight Services Office meteorologists vere responsible for the 
f-Light clearance weather briefings. In tne operations from the NASA Dryden 
I^light Research Center (DFRC), USAF Air Weather Service personnel at the 
Ldvards AFL Weather Station haa this responsibility. However, the MAT 
project meteorologist-oDserver had responsibility for planning the turbulence 
sampling missions on a day-to-day basis. His concerns included the areas 
of pre-flight forecasting, consultation on flight planning, in-flight 
ooservations and pilot assistance, and post-flight analysis. 

In general, the pre-flignt forecasting task comprised giving an advanced 
outlook, a daily alert forecast, and a detailed flignt-planning forecast. 

In tne advanced outlook, the development of tne general weather situation 
was monitored and prelin inary turbulence outlook forecasts were issued one 
or two days in advance of a possible research flight. These outlooks were 
useful primarily in scheduling activities of ground support personnel and 
conserving project resources. In the daily alert procedure an updated forecast 
was prepared as early as possible in the day. This was used to alert ground 
support personnel and the pilot. If the outlook for turbulence was low, 
these personnel could be released to other duties. If it was fair or 
better, support operations were initiated in preparation for a flight. 
Meteorological analyses (mainly for levels of 500 mb 
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and atove) were prepared where required, utilizing weather teletype data. 

For example 500 and 300 or 250 mh charts were prepared from teletype data, 
to identify regions of strong horizontal wind shears, upper air fronts (i.e. fronts 
not extending to the surface), sharp tropopauses, etc. (In most cases the flight 
time was at such an hour that the latest NMC analyses were not yet available in 
the weather station, so the hand drawn analysis was necessary.) For flight planning 
purposes, the project meteorologist briefed the research pilot on the areas and altitude 
bands where turbulence might be expected on the day of operation and on the likely 
movement and intensification/dissipation of any turbulence activity. The two crew 
members worked out a flight plan compatible with the forecast situation, the samp- 
ling priorities, and aircraft range and ATC constraints. 

The nroject meteorologist was able to assist the pilot by sharing portions of 
piJot workload other than controlling the airplane such as aiding in 
navigation to and within the search areas, apprising the pilot of headings 
and altitudes to he maintained while penetrating the turbulence patches, 
monitoring turbulence-related instrunentation , switching recording 
insti uLientation on and off to obtain wind and temperature soundings, 
recording significant events (e.g. blowing oust, snarp temperature changes, 
roll clouds) and their locations on a voice tape cassette, taking cloud 
photographs and advising the pilot of tne desirability to modify the original 
flight plan while airborne after turbulence reports from other aircraft 
were receiveu or after a promising area was found to be without sufficient 
turbulence for aata sampling. 

On nearly all flights aircraft soundings of temperature and wind were 
recorded on magnetic tape from takeoff to some arbitrary altitude (usually 
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aoove 10 km), and especially in areas of significant turbulence. In addition, 
temperature readings and other data were voice-recorded on cassettes both 
curing takeoff and landing and periodically during periods of flight where 
the aircraft changed altitude. Aircraft positions and related data were 
voice-recoraed each minute during turbulence- sampling runs, to be used later 
in wind calculations. Turbulence meter indications were recorded during 
turbulence runs. Aircraft positions and headings were noted before and 
after turns, in order to reconstruct flight tracks. Cloud observations included 
cloud type, altitude and coverage, cloud photographs were taken whenever the cloud 
form (e.g. rotor or lenticular clouds) was indicative of turbulence, 
wave activity or other air movement-related phenomena. (Photographs taken 
on MAT missions appear in the second volume.) 

After each flight the project meteorologist participated in the 
debriefing and, utilizing his notes and recollections, documented tne 
significant events of the flight. Information, such as winds, temperatures 
and cloud cover, recorded on tne tape cassette located in the observer’s 
compartment, was extracted, documented, and analyzed, usually on the day 
following the flight. 


Forecast Inputs 

The inputs utilized in making the day-to-day turbulence forecasts for 
ivjAT missions were as follows. 

(l) Standard NWS Products . (As posted in the NASA Langley Research 
Center Flight Services or the Edwards AFB Weather offices.) 

These included facsimile (FAX) analyses and forecast charts of 
constant pressure surfaces, significant weather, as well as teletype data 
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(ravinsonde, PIEEPs. AIRMETs, SIGMETs, etc). A complete listing of the 
products utilized Is found in the section on forecasting procedures. 

( 2 ) USAF Forecasts 


The Air Weather Service's (AWS) Fifth Weather Wing is co-located 
hAFB. Arrangements were made permitting consultation with USAF AWS 
personnel concerning forecasts or reports of significant turbulence within 
the operational range of the B57B. As anticipated, the turbulence forecasts 
from the WASA Flight Services Office, NWS and USAF were similar in the 
majority of cases. This gave added confidence for planning ilAT operations. 
Also, the availability of FAX and TOX data from both NWS and USAF provided 
backup when weather teletype outages occurred. 

In the operations from the NASA Dryden Flight Research Center (DRFC) 
botn nWS and USAF FAX and TWX data were again available, but all data, and 
isoistMco in foreciiling, were piovided by USAF Biae Weathei Station personnel. 
Their assistance also included hand-plotted and analyzed upper air charts, 
and plotting of ravinsonde data. 

ilortnvest A irlines Tuibulence Plot Advisories 
Mnce iJWAL enploys a somiewhat different analysis procedure 
for forecasting CnT, an aaamonal teletype was installed in tne LaRC 
Flignt Services Office for the receipt of NWAL TP (Turbulence Plot) Advisories, 
intse xP auvisories were utilized in operations from LaRC, since some TPs 
applied to areas witnin tne B-57B operational radius. 

( ^ ) Special oupport 


Luring tne first phase of the program, the Spaceflight Keteorology 
Group (s:iG) of uR'/S provided consulting support to the MAT project under a 
contract. Discussions vitn SIIG veie usually for the assessment of likelihood 
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of turbulent conaitions on flignt da;y or one^tvo days in advance of a MT 
operation. 

(5) Regular Pilot Peports (PIREPs) 

Checking the PIRLPs available in the Weather Stations was a 
vital part of the mission planning procedure. i;ASA pilots engaged in 
researcn ana pilot proficiency missions from eitner LaRC or DRFC were 
rcq^uested to radio in tne presence or absence of turbulence so that such 
iniorrnation could be used in planning the search patterns for the day*s ViAT 
Oj.;erations (see (c)). Sirilarly, fighter ana transport squaarons operating 
out of Langley were biiefea on ilal operations ai.d requested to make 
adaitional efforts to report significant turbulence encounters to the Langley 
/n'J (/leather Station, nxcellent cooperation was obtained from Air Traffic 
Control Center personnel who promptly forwarded PIREPs of turbulence to 
tiie iLvT aircraft in flignt. 

( ^ ) Special Aircraft ana Rawinsonde Observations 

On several occasions pilots wno were engaged in pilot proficiency 
or other missions at LaRC or DFRC were able to probe areas of reported 
turbulence. This source of data had the following advantages* 

a. Conservation of program resources - in situations where 
the s^aioptic condition suggestea that previously reported turbulence 
should be dissipating, checking with ati aircraft already flying in the 
area of interest could verify this fact. In this manner some unproductive 
missions were avoided. 

b. LTiere more than one turbulent area was thought possible on a 
given day, reports from other aircraft helped decide whicn area(s) to 
probe . 
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c. Monitoring the movement of previously reported areas of CAT 
helped to maicimize the probability of encountering CAT and aided in defining 
the turbulence search patterns at an early stage for coordination with ATC. 
The most useful missions from both LaRC and DFRC were those in which two 
PIRiPs were obtained, one whicn located turbulence 1-2 hours prior to the 
sampling flignt, and another very close in time to the B-57B takeoff. This 
procedure served as a check on the persistence and movement of the 
turbulent regi on . 

Ravinsondes 

In synoptic situations whicn appeared to be especially promising for the 
development of turbulence, additional sounding data were sought through the 
use of special rawinsonae releases. jDuring the prograjn 10 lawinsondes were 
released from east coast sites to support operations out of LaRC, these 
were handled by iTWS-SmG onaer tne consiilting contract mentioned above in (It), 
iive special rawinsonde releases were made from Ldwards AF5, and coordinated 

by tne USAb Flignt Test Center. Tnese releases were utilized in post-flight 
analyses . 


Forecasting Procedui e 

As distinct from the forecast inputs just described, the forecasting 
procedure for a given day's operation usually involved using the following 
brieting materials, in the approximate order and in the manner indicated. 

(1) Rawinsonde Teletype Data 

As mentioned previously, Lernperituio soundings for several stations were hand- 
plotted to estims.tt the atmoopheric stability and the tropopause characteristics 
over the flight area. Values were extracted for wind speed and wind 
direction ana vertical wind shears were calculated. 
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( 2 ) 500 mb FAX Charts and Progs 


xhe FAX charts were used to make the same evaluations as in the 
hand-drawn charts and the prognostic charts (progs) when flights were 
scheduled later in the day. 

( 3 ) Turbulence Progs/GIGIUTs 

The FAX low and high level significant weather progs were used as 
an aid in forecasting turbulence location and intensity and cloud height. 

Updated teletype forecasts of turbulence were perused. 

(^) PIRFPs (Teletype pilot reports) 

ieletypc pilot repoits were scanned for the presence or absence of 
turbulence . 

( 5 ) 850 and 70O mb charts 

Ridge-level wind speeds and directions were studied to discern 
possiDle mountain wave turbulence conditions, in accordance with established 
criteria, as, e.g. in ref. I8. 

( 6 ) Standard. Level Winds Aloft Plots 

These charts were used to give an indication of wind speeds and 
uirections as well as horizontal winu shear regions. 

( 7 ) 500 E.b •voiticity charts and progs 

iheir primary use was for locating areas of maximum wind curvature, 
horizontal wind shear, temperature advection, and trough movement. 

( 8 ) Radar Summary Charts 

Echo heights were used as estimates of cloud tops in squall lines or 
isolated thunderstorm situations and the speed of the squall line movement was used 
to forecast the movement of the associated turbulence. 

(9) Surface Man 

The general synoptic situation was viewed for occurrences of 
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turbulence-generating situations (e.g., thunderstorms, cold fronts, etc). 


(10) Tropopause heights and maximum vind forecasts 

Tropopause discontinuities or dropoff s (steep gradients in the 

height of the tropopause) were suspected areas of turbulence. Maximum wind 

forecasts gave locations of jet streams ana, at times, indicated zones of strong 
boT L/ontal shear . 

(11) Other Products: 

hWAL turbulence plot advisories and USAF GWC turbulence forecasts 
were also utilized. 

Merging of briefing materials into the MAT forecast 
All the briefing materials described here were not used in a highly 
objective manner but rather in a flexible way to try to exploit each 
weather situation to the best advantage. This was necessarily the case, for 
no method of forecasting CAT with complete reliability is known to exist. 

Rather, the attempt was to study all readily available information for 
synoptic or mesoscale patterns suggesting the existence of turbulence. The 
array of briefing materials listed here was not fully adequate, some 
recommendations for additional analyses and forecast aids are listed in the 
section on RecoiTimendat ions for Future Progiams. Of the present list, pilot 
reports (PIREPs), especially those derived from other NASA aircraft, were 
probably the most nelpful in successfully pinpointing areas of turbulence. 
However, this does not mean that PIREPs of turbulence are, by themselves, 
sufficiently reliable indicators of persistent turbulence to warrant 
disregarding the other briefing aids. Indeed, the most valuable PIREPs were 
those resulting from a NASA aircraft’s probing a particular area, based on 
the project meteorologist’s forecast of possible turbulence therein. For 
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turbialence associated with clouds or topographic features such as rotor 
activity and convection, either PIREPs or meteorological analysis alone 
may have been adequate for mission planning purposes. However, in the case 
of clear air turbulence associated with moving trough lines or shear layers , 
the analyses and judgement of a project-dedicated meteorologist was vital 
in identifying the turbulence condition reported in PIREPs and forecasting 
the movements and persistence of the turbulence, so that the probability of 

sampling it could be maximized, both by other NASA aircraft and the MAT air- 
craft itself. 


Fore casting Vs. Turbulence Encounters — An Overview 
The MAT B-57B program, comprising k6 flights, did not constitute a 
sample large enough to allow a valid statistical evaluation of the 
t\irbulence forecasting techniques employed. In addition, other factors 
made such an evaluation inappropriate. First, one aircraft is very limited 
in its ability to sample a sufficiently large atmospheric volume to 
thoroughly verify a forecast of turbulence. Second, project sampling 
priorities sometimes resulted in the aircraft flying to areas other than 
those most likely to be associated with turbulence. This was because 
samples of turbulence were desired from a variety of synoptic or mesoscale 
conditions, and if the data needs in one category (e.g. , jet stream 

turbulence) had been met through previous missions, the decision was made 
to seek data from another category where more data was needed (e.g., 

mountain wave). Al.,o, it sometimes was desirable to schedule a mission even when the 
assessed likelihood of encountering turbulence was not particularly high, in 
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order to obtain data from a particular meteorological conditxon. Third, the 
forecasting basis is mixed, with many of the missions being directed to loca- 
tions where turbulence had already been reported by PIREPs or probe aircraft, 
rather than to areas that appeared favorable for turbulence on the basis of 
weather map considerations alone. With this influence on the turbulence fore- 
casts, It IS impossible to evaluate them with complete objectivity. The summary 

of turbulence encounter experience, presented in Table A-1, is discussed in the 
paragraphs below. 


Of the 46 MAT missions, 37 were predicted by the MAT forecaster to have a 
or better (i.e., more than 1/3) chance of encountering measurable turbu- 
lence. On two of the 37, the turbulence instrumentation was not operational, 
but they are included here because any encounter with forecasted turbulence, 
whether recorded by the instrumentation or not, is, of course, regarded as a 
forecast success. During one of the 37 flights (No. 2), the area where turbu- 
lence was expected was deliberately avoided, to allow instrumentation checkout 
in smooth air. On another two flights (No. 18 and 21) the missions were aborted 
before the suspected turbulent areas could be probed. Thus, for 34 missions in 
which turbulence was expected, and the turbulence search was actually carried 
out, the turbulence encounter experience may be discussed. 

Twenty-three (23) of the 34 missions encountered forecasted turbulence. 
(This agrees with the discussions for Table III through VI, which were based 
on the 22 flights with measured turbulence (20 in CAT, and 2 in cumulonimbus 
clouds), and also on flight 3, during which high altitude jet stream turbulence 
was encountered, but not measured. This constitutes an overall encounter 

70.6 percent. If the turbulence encounter success is studied with 
respect to the predominant meteorological conditions of Table V, the results 
are as ranked in Table A-1. It will be noted that 24 successes are listed in 
the Table. This is because Flight 42 had two successes-one in encountering 
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TABLE A-1.- AN ASSESSMENT OF TURBULENCE ENCOUNTER SUCCESS IN THE MAT B-57B 
PROJECT, VERSUS PREDOMINANT METEOROLOGICAL CONDITION 


PREDOMINAITT 

MPTPOROLOGICAL 

CONDITION 

NUFJ3ER OF 

EIJCOUNTW3G FORECAST 

NUI-IBER OF 
SUCCESSES 

OROGRAPHIC 


A 

Thi^RMAL, CONVECTIVE 

3 

3 

MOUNTAIN WAVE, PLUS 
INTENSE UPPER FRONT 

1 

1 

HIGH ALTITUDE JET 
STREAM AI^D WIND SHEAR 

5 

k 

MOUNTAIN WAVE 

6 

3 

OROGRAPHIC, PLUS 
MOUNTAIN' WAVE 

i 

1 

UPPER TROUGH OR 
UPPER FRONT 

U 

3 

LOW ALTITUDE JET 

STREAIvI, MD wind 

SHEAR 

3 

2 

SEA BREEZE CONVERGENCE 

1 

1 

NEAR THUNDERSTORivIS 

5 

2 

TOTALS 

3U 

2h 


SCORE {%) 

IWCOITJTERS 

WITK/WITHOUT 

PIREPS 

MISSES 

WITH/WITHOUT 

PIREPS 

100 

3 

1 

0 

0 

100 

0 

3 

0 

0 

100 

1 

0 

0 

0 

80 

3 

1 

0 

1 

50 

2 

1 

2 

1 

100 

0 

1 

0 

0 

6o 

3 

0 

2 

0 

66 

1 

1 

1 

0 

100 

0 

1 

0 

0 

4o 

0 

2 

1 

2 

70.6 

13 

11 

6 

1+ 




sea breeae convergence aloft; the other In encountering low altitude thermal 
convection. The table shows that very good results (100 percent forecast 
accuracy) were obtained In encountering low altitude orographic and sea breete 
related turbulence, mountarn-wave turbulence In connection with other conditions 
(upper fronts and low altitude orographic turbulence), and thermal (convective) 
turbulence. Moderate success was obtained In encountering turbulence predicted 
for jet streams of both low-and hlgh-altltude categories, and turbulence asso- 
ciated with upper troughs and fronts. A success percentage of 50 was obtained 

in connection with pure mountain wave situations, and one of 40 percent In clear 

air near thunderstorms. 

The high success categories were not unexpected, due to the relative 
abundance (from surface weather stations) of wind and temperature data at low 
altitudes for forecasting the turbulence, and the generally higher probability 
of turbulence at lower altitudes. The less than perfect record for troughs 
and upper fronts is not too surprising, because these features were moving rapidly, 
the turbulence at any location was expected to be transitory, and because of the 
relative paucity of observations (derived from the rawlnsonde network) for 
delineating the structure of short-wave troughs. Several factors acted to de- 
press the frequency of Sierra mountain waves in the late winter and early 
spring of 1974-75 (see Appendix B) . 

The contribution of PIRgPs to successful turbulence sampling missions may 
be partially assessed from the data presented in Table A-1. Turbulence was 
encountered in 13 of 19 (68 percent) of the missions for which PIREPs were 
available, compared to 11 of 15 (73 percent) of the missions without PIREPs. 

But It can be Inferred from the table that the planning for sampling of jet 
stream, wind shear and upper fronts or troughs depended strongly on PIREPs. 

Only 2 of 10 missions to sample these features were conducted without PIREPs 
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and the 70 percent overall success is very good considering the scale and 
Tnovement of these features. 

The quality of PIREPs also enters implicitly into this evaluation. In 
retrospect, it xs believed that some of the PIREPs which influenced the selection 
of sampling routes should have been given less weight. These may be charac- 
terized as being incomplete in stating the aircraft type, intensity, or duration 
of the turbulence encountered. The most reliable PIREPs were obtained from 
research pilots who had been briefed on the program's sampling objectives and 
operational procedures. 
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APPENDIX B 


MOUNTAIN V/AVE CONDITIONS ENCOUNTERED 

A forecasting success of 50 percent was obtained for mountain wave 
turbulence situations in the operations from Edwards AEB (see Appendix A), 
this was lower than expected. The reasons for this low success, along with the project's 
experience in mountain wave situations, axe the subject of this appendix. 

Meteorological conditions auring tne late winter and spring of I975 
were not favorable for producing the number of strong Sierra mountain wave 
situations typical for an average year. An abnornally high frequency of 
deep trough and cutoff low systems either caused or was associated with 
one or more of the following conditions not favoring Sierra waves. 

1. Extensive cloudiness and precipitation over the Sierra were 
conditions whicn tended to inhibit wave formation by suppressing the develop- 
ment of temperature inversions. Inversions represent stable layers within 
which wave enhancement is increased below the ridge line. The cloudiness also 
was related to conditional static instability in the layers above the ridge. 

2. The strongest westerly or southwesterly winds lay well to the 
south of the Sierra due to the penetration of polar air further southward 
than IS usually experienced during a normal winter. To set up a good Sierra 
wave, strong winds from these directions are needed over the Sierra itself. 

Instead, there was a greater than normal number of days with both ridgetop 
and upper level winds blowing from the north or northwest, both these 
directions are unfavorable for Sierra wave development because the winds 
have only a small component perpendicular to the ridge line. 
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3. On some moutain wave flights rapidly changing wind directions, both 
at the surface and aloft, resulted in relatively short periods with winds 
parallel at all levels. Persistence of parallel winds throughout an appreciable 
depth of the troposphere, in a direction nearly perpendicular to the moutain 
range ridge line, is generally accepted as a requirement for the vertical propa- 
gation of the mountain wave through the troposphere and into the stratosphere. 

In all, eight flights were forecast to encounter mountain wave-type 
turbulence (Nos. 20, 29, 30, 31, 35, 36, 39, ^3). Successes were obtained 
on five of these (Nos. 20, 29, 30, 39, ^3). On two, however, other factors 
combined with a mountain wave to cause the txirbulence. (On flight 29, the 
turbulence was terrain — as well as mountain wave-related; on flight 39, an 
intense upper front was also present • ) The remaining three encoxmters were 
related solely to mountain waves. Of these, flight 20 encountered turbulence 
in the lee of the Appalachians at altitudes lower than 5*5 km, flight 30 
encountered turbulence above l4 km in a wave associated with the San Gabriel 
Mts., and flight 43 encountered a Sierra wave which was in the dissipating 
stage. There were three missions failing to encounter forecast mountain 
wave turbulence (flights 31, 35, 36), despite pilot reports of moderate 
turbulence preceding the MAT mission for flights 31 and 36. On flight 31, 
the wind was veering toward the north, and cloudiness was extensive, both 
effects probably caused the turbulence to cease by the time the B**57B 
penetrated the area. On flight 35, thermal inversions were completely absent 
from tne soundings; this probably contributed to early dissipation of the 
wave activity. On flight 36, the dissipation of the turbulence by the time 
of the B-57B*s search was marked by increasing cloud cover and diminished 
wave activity. 
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